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SUMMARY
A dynamic system has been developed for measuring permeability and 
diffus ion  coeffic ien ts  for the transport of gases and vapours through 
polymer film s. Activation energies determined for the permeation of 
methane through low density PE film  using th is  system were found to 
agree well with values from the lite ra tu re .
The permeation of tetrachloroethylene, nitroethane, 
dichloromethane and methane through po ly(tetrafluoroethylene-co- 
hexafluoropropylene) (FEP) film  was investigated over the temperature 
range 20 -  100 ®C. Linear Arrhenius plots were found for perm eability  
and diffusion coeffic ien ts  with a change in gradient and therefore  
activation  energies for permeation and diffusion below the glass 
tran s itio n  temperature. This e ffec t was more pronounced for the 
larger permeant molecules. Permeability and diffusion coeffic ien ts  
were also measured for nitroethane and dichloromethane permeation 
through poly(ethylene terephthalate) over the temperature range 
60 -  140 *C. Once again lin ear Arrhenius plots were found with a 
change in gradient a t the glass trans ition  temperature.
Differences were found between the activation energies for 
permeation and diffusion of methane in samples of FEP that were 
annealed a t d iffe re n t temperatures, namely 100 ®C and 200 °C. 
Measurements using several techniques showed that the polymer annealed 
a t the higher temperature had greater levels of c ry s ta ll in ity .
Sorption isotherms were obtained for dichloromethane uptake in FEP 
samples in the as-received s ta te , annealed at 100 *C and annealed at 
200 “C. The isotherms were a ll found to show a downward curvature 
in d ica tive  of a dual-mode type sorption. The isotherms obtained with 
FEP in the as-received state and annealed at 100 ®C were very sim ilar
whereas the uptake of dichloromethane by the sample annealed at 200 **C 
was s ig n ifican tly  lower. Isotherms obtained for the sorption of 
nitroethane and tetrachloroethylene showed very l i t t l e  dual-mode 
characteris tics .
S o lu b ility  coeffic ien ts  for dichloromethane, nitroethane and 
tetrachloroethylene sorption in FEP at 30 ®C were obtained from s ta tic  
measurements. These were compared with values obtained from the 
dynamic method and found to be in reasonable agreement. Much larger 
s o lu b ilit ie s  were found for tetrachloroethylene than nitroethane 
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CHAPTER 1 INTRODUCTION
1.1 Objectives
In th is  research project there was an in i t ia l  need to find a 
polymer film  that had a low permeability to oxygen and favoured 
the transport of organic nitro-compounds re la tiv e  to organic 
chloro-compounds. Essentially permeation is  a function of 
s o lu b ility  and d iffu s io n . S o lu b ility  determines the amount of 
permeant which can be accommodated by the film  and diffusion  
re lates to the speed with which the permeant moves through the 
film . In general d iffusion is  governed by the size of the 
permeant molecule; the larger the molecule the slower the 
diffusion process. Thus, i f  a film  is  to provide selective  
permeation between two permeants of s im ilar size i t  must have a 
greater a ttrac tio n  for one of the permeants resulting in the 
permeant having a greater s o lu b ility  in the film  than the other 
permeant.
The s o lu b ility  and permeability tables in the Polymer 
Handbook 1 were examined to discover polymers having the 
following properties:-
( i )  low oxygen perm eability
( i i )  high s o lu b ility  in organic nitro-compounds 
and
( i i i )  low s o lu b ility  in organic chloro-compounds.
This showed poly(ethylene terephthalate) (PET) to be worthy 
of investigation . Furthermore, i t  had the advantage of being 
commercially availab le in a variety of film  thicknesses.
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Permeability and diffusion coeffic ien ts  were determined fo r  
nitroethane and dichloromethane through PET film . These 
permeants were chosen as being representative of organic n itro -  
and chloro-compounds.
During the course of the project the in teres t changed from 
finding a polymer film  that had a low permeability to oxygen and 
favoured the transport of organic nitro-compounds re la tiv e  to 
organic chloro-compounds, to finding a polymer film  that showed 
other perm eability characteris tics . The new requirements were:-
( i )  a low permeability to water,
( i i )  a high permeability to carbon dioxide re la tiv e  to 
oxygen.
The s e le c tiv ity  to organic nitro-compounds re la tiv e  to organic 
chloro-compounds was now less important.
A survey of the lite ra tu re  showed that the polymers 
poly(tetrafluoroethylene) (PTFE) and po ly(tetrafluoroethylene- 
co-hexafluoropropylene) (FEP) showed a low permeability to water 
and a high general perm eability. The perm eability ra tio  of 
carbon dioxide to oxygen was found to vary l i t t l e  between 
d iffe re n t polymer film s. Since PTFE and FEP f u l f i l le d  two of 
the perm eability requirements and were available commercially as 
film s in several thicknesses, they were both considered worthy 
of investigation . Permeability and diffusion coeffic ien ts  were 
determined at d iffe re n t temperatures fo r the permeation of 
dichloromethane and nitroethane through PTFE film  and 
dichloromethane, nitroethane and tetrachloroethylene through FEP 
film . Permeability coeffic ien ts  were also determined for the 
permeation of methane through poly(ethylene) (PE), PTFE and FEP.
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Work was continued with FEP film  which was found to be the 
most suitable for investigation in th is pro ject. A vacuum 
microbalance was used to determine sorption isotherms for FEP 
film  samples and several d iffe re n t absorbâtes. Other work 
involved determining changes in the c ry s ta llin e  content of FEP 
film  annealed at d iffe re n t temperatures. The methods used to 
measure changes in c rys ta l1 in ity  of the film  were, d iffe re n tia l  
scanning calorim etry (DSC), in frared absorption spectroscopy and 
density measurements.
1.2 Transport Through Polymer Films
The rate of transfer of a d iffusing substance through un it 
cross-sectional area of an isotropic medium is  given by Fick 's  
f i r s t  law of d iffu s io n ,
F = -D —  (1 .1 )
3X
F is  the rate of transfer per unit cross-sectional area, D is  
the mutual d iffusion c o e ffic ie n t, c the concentration of 
diffus ing  substance and x the space co-ordinate measured normal 
to the section.
Using equation (1 .1 ) and performing a mass balance of un it 
volume of an isotropic medium gives the d iffe re n tia l equation,
i ç  + ( 1 . 2 )
3t ' 3x^ 3y2 3z2 •
where t  is  the time and x, y and z are space co-ordinates. I f
d iffusion in one direction only is considered, such as d iffusion
through a plane sheet, and i f  that direction is  along the x-axis
equation ( 1 . 2 ) becomes.
(1 .3 )
a t  9x2
which is known as F ick's second law of d iffu s ion .
I f  d iffusion through a sheet of thickness 1 is now considered,
where the concentrations of d iffusing species at the two sides of the
a 2csheet are c  ̂ and c^ under steady-state conditions, i .e .  when = 0 , 
equation ( 1. 1) can now be integrated between the two concentrations to 
give.
f  (  dx dc (1 .4 )
) x =0
In many cases when diffusion through a polymer film  is  being 
considered, the surface concentrations c  ̂ and c^ are not known, but 
the p artia l pressures p̂  and p^, of gas or vapour in equilibrium  with 
the surface concentrations are. I f  i t  is  now assumed that Henry's 
law, c = S.p (where S is the s o lu b ility  co e ffic ie n t of the gas in the
polymer) applies to the system, equation (1 .4 ) can be re -w ritten  as,
F = DS(p^ -  Po) (1 .5 )
1
A permeability c o e ffic ie n t, P, can now be defined as,
P = D.S (1 .6 )
and i t  is  p lain  that the permeability of a polymer film , is  dependent 
on both the d iffusion and s o lu b ility  coeffic ien ts  of the gas or 
vapour.' P may be given units of centibarrers (cB) where,
IcB = 10"12 cm3 (STP)cm/(cm2 sec cm Hg)
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Many polymer film/permeant systems do not show ideal diffusion  
and solution behaviour and may from th is  standpoint be divided into  
four categories^.
( i )  Systems which have a constant d iffusion co e ffic ie n t and obey 
Henry's law.
ac = D a^c; c = S.P 
a t  "ax?"
Polymer/permeant systems that f a l l  into th is  category are 
normally permanent or in e rt gases in rubber and synthetic 
elastomers3“ 5, or polymers well above the glass tran s itio n  
temperature, Tg6- 8 . The systems show almost ideal behaviour, 
mainly because of the low concentrations encountered a t normal 
pressures and also because there is  very l i t t l e  in teraction  
between the simple gases and the polymer. Since the in teraction  
is  small the permeability co e ffic ien t can be expressed as a 
simple function of polymer and gas terms, together with an 
in teraction parameter, y, which approximates to u n ity9-io .
P = V(polymer i )  W(gas k) y ( i ,  k)
For any given pa ir of gases (or polymers) the appropriate ra tio  
of permeability constants is given by the equation.
P i,k  = W(gas k) y ( i ,k )
P i,1 Wigas 1) y ( i ,1 )
or
P i,k  = Vjpolymer i )  y ( i ,k )  
Pj,k  Y(polymer j )  y ( j ,k )
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The f i r s t  ra t io  is  almost independent of the gas and the second 
r a t io  is  almost independent of the polymer.
( i i )  The second category of polymer/permeant systems shows a 
diffusion  c o e ff ic ie n t  th a t  is  dependent on the concentration of 
the d iffus ing  species, but obeys Henry's law.
9c = ^ / D 3c\ ;  D = f ( c ) ,  c = S.P 
9 t  9X \  9X /
This category is  exhibited by Ci+ and C5 para ff ins  d iffus ing  and 
dissolving in rubber, and many organic vapours in polymers well 
above th e i r  T g i i - 1 2 .
( i i i )  A th ird  category can be recognised where D is  a function of con­
centration and Henry's law is  no longer obeyed.
9c = 9 /D 9c\;  D = f ( c ) ;  c = f (p)
J Ï  J x \  J x )
Systems which ty p ify  th is  section are higher molecular weight 
hydrocarbons d iffus ing  in rubbery polymers.
( i v )  The f in a l  category contains systems where D is  a function of 
both concentration and time, and Henry's law is  not obeyed.
l £   ̂ l £ \»  D = f ( t , c ) ;  c = f (p )
9t 9x \ 9x1
Glassy polymers (below th e i r  T g )  and hard polymers show th is  
behaviouri3 " i 4  ̂ which is  known as anomalous or "non-Fickian". 
The time dependence of the d iffus ion  c o e ff ic ie n t  causes the 
deviation from Fick's law. Rubbery polymers tend to react  
rap id ly  to changes in th e i r  condition, such as changes in  
temperature or exposure to a d iffus ing  species. Glassy polymers
react much more slowly, and the time dependence of th e ir
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properties is associated with the f in ite  rate a t which the 
polymer structure changes on sorption or desorption of a 
permeant. The time taken to react to a change, known as the 
relaxation tim e, varies widely between polymers and the 
d iffe re n t structural changes associated with the same polymer. 
A ll of the various relaxation times decrease as temperature or 
permeant concentration is increased, and the motion of the 
polymer segments enhanced.
Three useful c la ss ifica tio n s  have been proposed by A lfrey et 
a l25, according to the re la tiv e  rates of diffusion and polymer 
re laxation . These three classes a re :-
( i )  type one or F ickian, in which the rate of diffusion is
much less than that of relaxation;
( i i )  type two where diffusion is very rapid compared with the
relaxation process;
( i i i )  non-Fickian or anomalous d iffu s ion , which occurs when the
diffusion and relaxation rates are comparable.
1.3 Temperature Dependence of the Transport Parameters
The d iffusion of gases and vapours in rubbery polymers has 
been shown to be an activated process5 ,8, i i ,  with a constant 
activation energy fo r d iffusion over narrow temperature ranges. 
The temperature dependence of the diffusion co e ffic ien t is  
given by the Arrhenius equation,
D = D  ̂ exp ( -  E^RT) (1 .7 )
where Ej is  the activation  energy for d iffusion and Dq is  
the pre-exponential fa c to r. Measurements of the permeability  
coeffic ien ts  at d iffe re n t temperatures have shown that they too 
can be represented by an Arrhenius e x p r e s s i o n ^ , 11, 26, 27,
p = exp (-Ep/RT) ( 1. 8 )
From the d e fin itio n  of P = D.S i t  follows th a t,
S = exp ( -  AH^/RT) (1 .9 )
and, Ep = + AĤ  ( 1 . 10)
Pq and Sq are pre-exponential factors, Ep is  the 
activation energy fo r permeation, and AHg is the enthalpy of 
solution.
1.4 Changes in E  ̂ and D  ̂ fo r D iffe ren t Polymer/Permeant Systems
Ed is associated with the energy needed fo r 'hole' formation 
against the cohesive forces of the polymer, plus the energy 
necessary to force the d iffusing molecule through the 
surrounding structure. I t  might therefore be expected that Ey 
would increase with increasing size of the d iffusing molecule, 
since larger holes have to be formed. This is found to be true 
for every case.
Attempts to correlate  Ej with the gas diameter, d, date 
back to 1946 when van Amerongen^ found that Ej increased 
lin e a rly  with d, fo r a selection of gases in several rubbery 
polymers. Later, Brandt and Anysas^Q and also Paul and 
DiBenedetto^s observed that Ey was a non-linear function of d  ̂
for several d iffe re n t polymers. Work performed by Kumins and 
RotemanSO on poly(vinyl chloride) -  poly(vinyl acetate) 
copolymer showed that d is  not lin e a rly  related to d, d  ̂ or d^. 
Recently Ash e t a l^ i found that Ej is approximately lin ear  
with d̂  for three d iffe re n t polymers. There does not therefore  
seem to be any consistent relationship between Ej and the 
diameter of the gas molecule. However, the treatment presented
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by Brandt^z, based on the activated zone theory of B arrer33, 
does help to explain th is  apparent lack of corre lation . The 
energy of activation was found to be composed of an 
intermolecular term, E-;, and an intramolecular term, Ep. 
Stannett34 uses Brandt's3Z treatment, as follow s, to explain the 
dependence of Ej on the gas diameter.
The intermolecular term was shown to depend on the permeant 
molecule diameter, d, the average diameter of the high polymer 
molecule, h, the dimension associated with the free volume per
unit length of chain molecule ( 4)^/2 ) and the segment length,
Ig . The intramolecular term was shown to be a function of the 
permeant molecule diameter, the dimension associated with the 
free volume, the segment length and the length of one backbone 
chain bond. A, measured along the chain axis . Stannett34 then 
considered the case when the permeant size is  large compared to 
the free volume dimension and l g » d .  Under these conditions 
the following proportionalities  apply,
E. a 1 . d.h 1 s
E. a Ad2 
b IT -
From the above i t  is  clear that E-j depends d ire c tly  on d, h
and Ig while Ep depends d ire c tly  on d  ̂ and A, and inversely  
on 13. I f  makes a large contribution towards the to ta l
activation energy for d iffu s ion , E j, then i t  might be expected 
that Ej would vary d ire c tly  with d. I f  Ep makes the
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larger contribution then Ej might be expected to vary d ire c tly  
with d2. For intermediate cases i t  w ill vary d irec tly  with a 
power of d between 1 and 2. Measurements for rubbery polymers 
where Ê  makes the greater contribution, do tend to correlate  
with the f i r s t  power, whereas s t if fe r  chained polymers correlate  
with the second power of the permeant molecule diameter.
Michaels and B i x l e r ^ s  made an allowance for possible 
orientation effects  during the diffusion of unsymmetrical 
molecules. The value they use for d is given by the following  
re la tionsh ip ,
where dg is the gas molecular diameter estimated from 
viscosity measurements and d  ̂ is  the maximum dimension of the 
molecule as determined from Stuart models. Although completely 
em pirical, the allowance for orientation effects  improved the 
correlation of the energy of activation for d iffusion with a 
molecular diameter term. With larger molecules the e ffe c t of 
molecular shape becomes more pronounced. I t  has been found by 
various authors36,37 that the diffusion coeffic ients for a 
series of paraffins in poly(isobutylene) level o ff to an 
essentia lly  constant value a fte r fiv e  carbon atoms, whereas the 
branched and cyclic compounds have much lower values. Kokes and 
L o n g 3 8 ,  have found a large dependence on permeant size and shape 
for d iffusion in poly(vinyl acetate) at temperatures above Tg.  
Park 19 has found a sim ilar dependence for the d iffusion of 
halogenated hydrocarbons in polystyrene at temperatures well 
below T g .
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1.5 Relationships Between and
I t  has been pointed out by Barrer and Skirrow^ that the 
temperature dependence of the d iffu s iv ity  can be w ritten  as,
loQio Dq = lOQio D + 0.22 E j/T ( coX<aoC ')(1.11)
I f  i t  is  assumed that log D is  constant, i . e .  the range in 
Ed/T is  much larger than log D, then a lin ear relationship  
might be expected for a p lo t of log Dq against Ed/T.
Stannett3*+, using various sources of data for d iffe re n t  
polymer/permeant systems’ found a lin ear relationship on p lo tting  
log Dq against Ed/T with a slope of 0.14. This is  in fa ir  
agreement with the theoretical value predicted by Barrer*+.
According to Barrer^, Dq is  equal to mZkg where m is the 
average distance jumped by the diffusing molecule per un it 
diffusion process, and kg is  analogous to the pre-exponential 
factor in f i r s t  order velocity  constants.
Since plots of log Dq against Ed/T are l in e a r  over a 
wide range, Stannett^^ considers them to be approximately the 
same function of the appropriate variab les .
1.6 E ffec t of Polymer Nature on Diffusion
The d if fu s iv ity  of a gas in a series of polymers is  known to 
be a function of the ease of hole formation in the polymer.
This in turn depends on the segmental chain m obility and the 
cohesive energy of the polymer. Factors which change the 
m obility  of the polymer chains are known to a ffec t the 
d if fu s iv ity  of polymer/permeant systems. Auerbach e t al 39 
compared the d if fu s iv ity  of octadecane in several polymers with 
d iffe re n t degrees of saturation. The saturation was found to 
decrease the d if fu s iv ity  by about 50%, due to the greater ease
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of chain rotation with more unsaturation in the polymer 
backbone. Van Amerongenii found that adding methyl groups to 
polybutadiene leadsto lower d if fu s iv it ie s  and a greater energy 
of ac tivatio n . The methyl groups have the e ffe c t of reducing 
the chain f le x ib i l i t y .  Work carried out by Kumins et al^o 
showed that adding p las tic isers  increased the d if fu s iv ity  of 
certa in  polymers. The p las tic ise r increased the segmental 
m obility  which had the e ffe c t of increasing the d iffu s iv ity  and 
reducing the activation energy. Other work by Barrer e t a l^ , 
and Aitken e t a l5, on the e ffe c t of vulcanizing natural rubber 
to varying degrees also showed changes in the activation energy. 
Vulcanizing the rubber increases the cross-linking of polymer 
chains which reduces th e ir  m obility and increases the activation  
energy fo r d iffus ion .
The presence of pre-existing holes in the polymer structure  
might also be expected to aid the d iffusion process. This is  
especially  so below the glass tran s itio n  temperature where holes 
and imperfections are 'frozen ' into the polymer structure, 
normally producing a reduced activation  energy below Tg. This 
e ffe c t is discussed in more depth la te r  in the Introduction.
1.7 Changes a t the Glass Transition Temperature
Most polymers show a second order tran s itio n  temperature 
externa lly  characterised by a change from a glassy to a rubbery 
sta te . The f i r s t  systematic study of changes in d iffusion  
behaviour near the glass tran s itio n  temperature, Tg,  was 
carried out by Meares4i , 4Z, on the transport of gases through 
poly(vinyl acetate) film s . Heats of solution in the tran s ition  
region were found to reverse sign from negative to positive as 
the temperature increased, the activation energy fo r d iffusion
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being small over the tran s ition  region and larger above than 
below i t .  Meares^z suggested that the holes necessary for the 
activated diffusion process were formed by loosening of van der 
Waals bonds between neighbouring chains below Tg^rather than 
by segmental ro tation . The activation zone in the rubbery 
polymer, involving co-operation of polymer segments, is  
therefore larger than in the glassy polymer. Sim ilar results  
and conclusions were reached by Michaels e t al^s, on the study 
of gaseous diffusion in poly(ethylene terephtha la te ). Other 
work by Kumins and Roteman^o, and Stannett and Williams^'+, has 
shown that some polymer/permeant systems do not show a glass 
tran s itio n  e ffe c t, th is  generally being so with smaller gas 
molecules. Kumins and Roteman^o suggested that the number of 
holes already present in the polymer structure did not change 
greatly  above T g ,  but that the size did. I f  the permeant 
molecules are small enough only minor changes would be seen 
since the probability  of a molecule encountering a hole would 
remain approximately the same.
Brandtsz, and Frisches have also proposed explanations fo r  
the change in the ac tiva t ion  energy a t T g .  Brandt^z suggested 
th a t  i t  could be understood as a consequence of the change in  
thermal expansion c o e ff ic ie n t  a t  th is  po in t. Frisches suggested 
th a t  the amount of free volume in the polymer a ffe c ts  the 
d iffu s io n  process fo r  la rger  molecules, which show a t ra n s it io n  
e f fe c t  because the rate of change of free  volume changes a t  
T g .  More recently Yasuda^G, using data from the l i t e r a t u r e  
and his own measurements, has proposed th a t  a break point occurs 
in  the Arrhenius p lo t  of permeability c o e ff ic ie n ts  only i f  the 
value of the d iffus ion  c o e f f ic ie n t  a t  T g  is  smaller than
5 X 10-8 cmZ s - i '
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1.8 The S o lu b ility  of Gases and Vapours in Polymers
The solution of simple gases in rubbery polymers is well 
known to follow  Henry's law and the temperature dependence to 
follow  an Arrhenius re la tionsh ip .
S = S exp(-AH /RT)
The enthalpy of solu tion , aHj , is  composed of the enthalpy of 
condensation and the enthalpy of mixing.
AH = AH + AH . (1.13)
s con mix
The enthalpy of condensation is  always negative and is  quite
small for most gases. The enthalpy of mixing is also small and
usually p o s itive . As a consequence the overall enthalpy of
solution can be e ith er p o sitive , or negative.
Organic vapours often show marked deviations from Henry's
law. Rogers et al^?, working with polyethylene, obtained
isotherms for which the s o lu b ility  was an exponential function
of concentration.
S = S(0) exp(G c )
Where S(0) is  the in tercept at zero concentration , G is  a 
constant characterising the concentration dependence of the 
s o lu b ility  c o e ffic ie n t c is .
The enthalpy of mixing is  influenced by the in teraction  
between the permeant and the polymer. To i l lu s tra te  th is , van 
Amerongenii found that increasing the n i t r i le  content of a 
series of bu tad ien e -acry lo n itrile  copolymers had the e ffe c t of 
decreasing the s o lu b ility  of hydrogen and oxygen, and increasing 
the s o lu b ility  of carbon dioxide and ammonia. The former are 
non-polar and therefore in te ra c t less with the increasingly  
polar polymer, whereas the la t te r  pair are polar and hence 
in te rac t more.
15
The enthalpy of condensation is re lated to the tendency of 
the gases to condense, of which the bo iling point Tt>, 
c r it ic a l temperature T^, and the Lennard-Jones force constant 
are a ll measures. The logarithm of the s o lu b ility  has been 
found to be a linear function of T5 and T^^^, and of the 
Lennard-Jones force constant®. Since a ll three parameters are 
measures of the van der Waals in teraction  forces of the gases, 
they d iffe r  only by approximately constant factors.
Sorption in polymers below T g  has been shown by many 
authors48-59 to occur by two separate mechanisms; standard 
dissolution in the polymer, as above T g ,  and sorption in 
microvoids frozen into the structure of the polymer as i t  is  
cooled through T g .  Free segmental rotation of the polymer 
chains are thought to be res tric ted  in the glassy s tate , 
resulting in fixed microvoids throughout the polymer. The 
presence of microvoids was f i r s t  suggested by M eares^ i working 
with poly(vinyl acetate). Later, Barrer®® looking at the 
sorption of organic vapours in ethyl cellu lose proposed two 
mechanisms for sorption, ordinary d issolution, and Langmuir type 
adsorption in pre-existing microvoids. He further proposed that 
the to ta l enthalpy of sorption is  composed of an exothermic 
part, adsorption in pre-existing voids, and an endothermie part 
which represents ordinary d issolution.
AH(n^ + n^) = AHgx n̂  + AHgp n^
where, AHgx and AHĝ  are the exo- and endothermie par­
t ia l  molar heats of d ilu tio n , for sorption in pre-existing  
microvoids and sorption by mixing, respectively, and n^, n  ̂ are 
the corresponding number of moles of permeant sorbed in the two
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ways. Barrer then used this in terpreta tion  to explain  
differences in sorption enthalpies for is o - and n -paraffins .
Michaels e t al^s.Gi provided the f i r s t  quantitative  
description of the s o lu b ility  of several gases in glassy 
poly(ethylene terephthalate). They found that non-linear 
isotherms could be explained in terms of a Langmuir part and a 
Henry's law part. The following equation was found to f i t  the 
isotherm,
k D + CÙ bp
C = C. + C„ = V  *  -2 ----  (1 .14)
°  "  1 +  bp
where,
C = to ta l s o lu b ility , cm3(STP)/cm® polymer 
Cg = dissolved concentration,cm3(STP)/cm3 polymer 
Cy = concentration in holes, cm3(STP)/cm3 polymer 
kg = Henry's law constant, cm3(STP)/cm3 polymer atm 
C'h = hole saturation constant, cm3(STP)/cm3 polymer 
p = pressure, atm
b = hole a f f in ity  constant, atm-i
At low pressures where bp ^  1 the sorption isotherm reduces to 
the linear expression,
C = (kp + b)p
At higher pressures the microvoids become saturated and w ill no 
longer sorb additional permeant. When bp 1 sorption in the
I
microvoids reaches the saturation l im it ,  C^, and the equation 
again reduces to a linear form.
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C = kpP + c-
The model therefore predicts that an isothermal p lot of C versus 
p w ill consist of a low pressure lin ea r region and a high 







The Henry's law dissolution constant can be obtained from the 
slope of the high pressure region of the isotherm. This can 
then be used to calculate the dissolved concentration, Cp, 
which in turn by subtraction from the to ta l concentration gives
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the concentration in the microvoids, Cy. A p lo t of p/C^
I
versus p gives a gradient of 1/C^ and an in tercept of
I
1/C^b; the remaining constants can therefore be calculated. 
A lte rn a tive ly  a non-linear regression program can be used to 
give the constants d ire c tly .
Veith and Sladek^z have developed a k in e tic  model fo r the 
dual sorption mechanism. Their model assumes that there is  
immobilisation of the penetrant at a fixed number of s ite s , and 
that there is  local equilibrium  between mobile and immobile 
species. Mathematically, a material balance is f i r s t  performed 
on a d iffe re n tia l element of the polymer film , to obtain the 
unidirectional unsteady-state transport equation, as follows:
3/8t(C|_j + Cq) = -3N/9X (1 .15)
where N refers to the flu x  of dissolved gas. I f  i t  is  now 
assumed that only the dissolved species (mobile) d iffu s e , the 
flu x  is  given by,
N “ -D 3Cp/3x (1 .16)
Substituting equation (1.16) in (1 .1 5 ), with the condition that 
the diffusion co e ffic ie n t is  constant, gives
3/3t(C^ + Cp) = 0326^/3x2
which is  a modified form of Pick's second law. I f  i t  is  now 
remembered that the mobile and immobile species are in local 
equilibrium , the p a rtia l pressure in the Henry's law and 
Langmuir isotherms can be equated to give.
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^  b/kpCp 
" "  l  + bCp/kp
Substituting th is  expression in the combined isotherm elim inates  
the concentration of immobilised species and gives,
D = a2Cr,/3x2 = 3C„/3t j l  + " "  ̂ ^
(  D  + fb /k K o ]
Where Cq is the concentration of the dissolved permeant, a t a 
point X in the membrane, at time t .
The simple dual sorption theory has been extended and 
modified th e o re tica lly  in two d iffe re n t ways. Both Paulas, and 
PetropoulosG4 have developed equations based on a relaxation of 
the orig inal assumption that adsorbed molecules are completely 
immobilised. Petropoulos^** writes the unsteady-state diffusion  
equation as,
9C/9t = 9 / 9 X  [l/RT(D ^ Cp+ C^) 9u/9x]
Where y denotes the chemical potential of permeant, R is the gas
constant and T is the absolute temperature. D and D are
' l  *2
the diffusion coeffic ients  of dissolved and adsorbed permeant, 
respectively . C, and Cg reta in  th e ir  usual meaning with 
the understanding that the permeant molecules occupying holes 
are now able to d iffuse.
Tshudy and von FrankenbergSS have relaxed the orig inal 
assumption in the dual sorption theory that the dissolved and 
adsorbed molecules are always in local equilibrium . They re ta in  
the postulate of sorption by two d iffe re n t mechanisms, but 
consider the h o le -f il l in g  process to be a reversible bimolecular
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im mobilization, ie  they do not consider the h o le -f il l in g  process 
to be extremely rapid compared to the d iffusion process. They 
developed expressions for transient sorption, equilibrium  
sorption, time lag (see page "I?), and steady-state permeability 
using the following assumptions:
(1) there are in i t ia l ly  a fixed number of immobilizing sites  
uniformly d istributed  throughout the medium and fixed in 
position permanently;
(2) each s ite  can immobilize one gas molecule;
(3) immobilization at some p articu la r position can be 
represented by:
ki
s ite  + gas molecule site-molecule complex
^2
Other workers had discussed s im ilar treatments, previous to  
the model described by Tshudy and von FrankenbergGs. Goodknight 
and FattGG and Michaels e t al^? have considered slow hole 
f i l l in g  with the use of reversible f irs t-o rd e r  k inetics . 
PetropoulosG4 once again assumed slow hole f i l l in g  but did not 
specify k in e tics , and OlofssonGS considered the case of 
diffusion with irre ve rs ib le  adsorption, where the rate of 
adsorption is  very rapid compared to the diffusion ve loc ity .
The previous models have been developed to explain negative 
deviations from Henry's law. Some cases, involving especially  
sorption of organic vapours and water, show positive deviations. 
Vieth e t alG9 have postulated that the polymer network swells as
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permeant is sorbed, exposing more binding sites and increasing 
the sorption level syn erg is tica lly .
1 .9 .1  C ry s ta llin ity  in Polymers
The f i r s t  model proposed to explain the crystal 1 in i t y -  
dependent properties observed in many polymers was the "fringed- 
m icelle" concept. The polymer was seen as being composed of 
molecular chains which passed between regions of order, the 
c rys ta llin e  parts, and regions of disorder, the amorphous parts. 
This concept successfully accounted for a large number of 
experimental observations, but became increasingly less 
plausible as new experimental evidence accumulated. In 1947 
Bunn and co-workers studied polyethylene’̂ o and nylon 
spherulites?!, and showed that they contained molecular chains 
arranged in a regular manner, tangential to the radial growth 
elements of the spherulite . Later, in 1957 K e lle r22 working 
with single crystals of lin ear polyethylene grown from solution, 
showed by electron d iffra c tio n  that the molecular chains were 
oriented in a d irection normal to the f la t  surface of the 
c rys ta l. This, together with the observation that the p la te le ts  
were much thinner than the polymer chain length, led K e lle r22 to 
the conclusion that the chains must be folded, with the fo ld  
period corresponding to the thickness of the p la te le t . I t  is  
now widely accepted that the c rys ta llin e  regions of most 
polymers consist of lamellae radiating from a nucleus, making up 
a un it known as a spherulite .
The function dependence of d iffu s iv ity  on crystal l i n ity in 
sem i-crystalline polymers, has been explained in the lite ra tu re  
on the basis of: (a) lin e a r dependence of d if fu s iv ity  on the
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amorphous fraction?^; (b) the concept of a transmission 
function; (c) a two parameter model suggested by Michaels and 
BixlerSS; (d) a modification of Maxwell's equation for  
e le c tric a l conductivity of composite systems?^.
Laskoski and Cobbses working on water permeation in  
poly(ethylene terephthalate), nylon and various types of 
polyethylene found a lin e a r dependence of d if fu s iv ity  and 
s o lu b ility  with amorphous frac tio n . Since both these parameters 
were found to vary 1inearly with amorphous frac tio n , they give 
an equation for the permeability c o e ffic ien t as,
where Pg is the permeability of the amorphous m ateria l, and 
is the fraction of amorphous polymer.
Klute?5 la te r  re-examined the data of Lasoski and Cobbs^3, 
applied a small correction fac to r to th e ir  c a lcu la tio n  o f X^, 
and found th a t the data w<lc<l b e tte r represented by the equation,
P = Pa XaA 
where q is  a correction fac to r.
Much work has been performed by Michaels and co-workers g on 
the s o lu b ility  and diffusion of gases in sem i-crystalline  
polyethylene. From this work i t  is postulated that a semi­
c rys ta llin e  polymer behaves lik e  a two-phase system, namely a 
well-ordered c rys ta llin e  phase dispersed in a less r ig id  
amorphous m atrix. The c rys ta llin e  regions are imagined to  
dissolve no gas and to be quite impermeable, meaning that a ll  
gas transport takes place in the amorphous phase which is  
thought to have the same specific perm eability, irrespective  of
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the extent of c r y s ta l! in ity . The relationship found for the 
s o lu b ility  of gases in polyethylene was:
S = XaSa
where S is the s o lu b ility  in the sem i-crystalline polymer, Xa 
is  the amorphous fraction  and Sa is the s o lu b ility  in the 
completely amorphous polymer. Michaels and Bixler® considered 
the c ry s ta llite s  in moulded polyethylene to be ribbon-like  
lamellae resu lting from a chain folding c ry s ta llis a tio n  process. 
The lamellae were thought to radiate from a nucleus, in a ll 
directions, to form the secondary ordered units known as 
spherulites. Michaels and co-workers considered the lamellae to 
be the basic impenetrable units with accessible amorphous 
material being present in the spherulite between the lamellae. 
Later work by Vieth and Wuerth?G on the s o lu b ility  of gases in 
polypropylene showed that fo r annealed and slow-cooled samples 
the s o lu b ility  is once again approximated by S = S^X^. For 
quenched samples the s ituation was complicated by the presence 
of a second crystal mode.
Michaels and Parker?? proposed a two parameter model to 
explain the d if fu s iv ity  of gases through polyethylene. In th is  
model the d if fu s iv ity , D, is  given by
D = Da/x3 (1.17)
The d iffu s iv ity  is  considered to be reduced from its  value in a 
completely amorphous polymer, Dg, by the geometric impedance 
factor T, re flec tin g  the more tortuous diffusion path, and b the 
chain immobilization fa c to r, in i t ia l ly  a ttrib u ted  to the reduced 
segmental m obility of the polymer chains due to the c ry s ta ll­
ite s . Later work^? ,  however, reassessed the significance
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of 3 and suggested that i t  was a permeant size impedance to 
d iffu s io n , aris ing from the near-molecular dimension of the 
amorphous channels in the spherulites. This is  equivalent to  
making the spherulites less permeable than th e ir  surroundings, 
with the e ffe c t increasing for larger molecules.
1 .9 .2  E ffects of Annealing on C ry s ta llini ty
Cooling c ry s ta l!iza b le  polymers from the melt a t d iffe re n t rates  
generally produces samples with d iffe re n t amounts of 
c r y s ta l l in ity , the more slowly cooled samples being the more 
c ry s ta llin e . Polymers treated in th is  way normally show 
d if fu s iv it ie s  and s o lu b ilit ie s  that decrease with increasing  
c r y s ta l l in ity , and therefore lam ellar thickness. The permeant 
molecules are considered to diffuse through and be absorbed only 
in the amorphous region, the volume of which decreases, and the 
to rtuos ity  of the resu lting  diffusion path increases with higher 
c ry s ta l! in ity . I f  a polymer sample that has been quenched from 
the m elt, and therefore has a low c ry s ta l! in ity  and th in  
lam ellae, is  then annealed to a greater c ry s ta l! in ity  i t  has 
been found that d if fu s iv it ie s  increase?G,78 despite the higher 
c ry s ta l! in ity . From experiments with single crystals of 
polyethylene and poly(ch lorotrifluoroethylene)?3 i t  was seen 
that thickening of the lam ellae, produced by annealing, was 
accompanied by the formation of microholes with no change in the 
la te ra l dimension of the lam ellae. Hoffman e t al^o considered 
the thickening process to proceed by the pu lling of chain ends 
in to the crystal surface, and lengthening of the fo ld  period by 
migration of the molecules along th e ir  own backbones. As 
thickening proceeds a chain may be pulled r ig h t through a
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lam ella leaving behind a vacant row. This hole now formed has 
the e ffe c t of reducing the la te ra l crystal size e ffec tiv e  as a 
diffusion b a rr ie r , thus reducing the to rtuosity  parameter. I t  
is  therefore possible for samples of high c ry s ta l! in ity  to show 
higher d if fu s iv it ie s  than less c ry s ta llin e  samples. The 
conclusion th a t these differences were not produced by changes 
in the amorphous phase, was supported by evidence from Vieth and 
Wuerth?G on the d iffusion of gases through polypropylene. They 
found no changes in e ither the heat of sorption, or the 
activation  energy for d iffusion on annealing to greater lam ellar 
thickness. Changes in the amorphous phase should be reflected  
in changes in both of these parameters.
1.9.3 Measurement of C ry s ta l!in ity
The methods chosen for the measurement of the amount of 
c ry s ta l! in ity  in the present work were d iffe re n tia l scanning 
calorim etry (DSC), in fra -re d  absorption spectrometry and density 
determinations.
A d iffe re n tia l scanning calorimeter measures the energy 
input necessary to establish a zero temperature difference  
between a substance and a reference material in the same
environment, heated or cooled at a controlled ra te . When the
sample is heated through its  c rys ta llin e  melting temperature a 
peak is seen on the recorder trace, the area of which is
proportional to the volume % c ry s ta l! in ity  in the polymer. A
measurement of the fraction  of c rys ta llin e  material present 
requires a knowledge of the enthalpy of fusion of a 100% 
c ry s ta llin e  sample which is  sometimes not ava ilab le . I f  the two 
phase model of c ry s ta llin e  and amorphous m aterial is  assumed.
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then measuring the density of the polymer, together with a 
knowledge of the c rys ta llin e  and amorphous densities gives a 
value for the c ry s ta llin e  fraction from the equation,
p P -
Volume % C ry s ta l!in ity  = ----------  x 100 (1.18)
Pc" Pa
Measurement of c rys ta llin e  or amorphous in fra -red  absorption 
band in te n s itie s  can be used to detect differences in volume % 
c ry s ta l! in ity  between d iffe re n t polymer samples. The method is  
based on the assumption that a polymer can be treated as a two- 
component mixture of amorphous and c rys ta llin e  regions, and that 
c ry s ta llin e  and amorphous band in ten s itie s  are lin e a r functions 
of volume fraction  c ry s ta l! in ity . To measure absolute levels of 
c ry s ta l! in ity  a sample of 100% amorphous polymer is required i f  
an amorphous band is being considered or a 100% c rys ta llin e  
sample i f  the band being considered is  due to absorption by the 
c ry s ta llin e  phase.
1.10 The Measurement of Permeation Through Polymer Films
The closed volume method normally used to measure permea­
tion through polymer membranes was f i r s t  employed by DaynesSi, 
and la te r  elaborated by Barrer^. The method involves applying a 
known pressure of the permeant to one side of a membrane mounted 
in a p a rtitio n  c e ll ,  and measuring the pressure build-up on the 
downstream side of the membrane, both sides being in i t ia l ly  
evacuated. A fter a gradual rise the pressure increases lin e a rly  
with time when steady-state permeation is  established. The 
permeability co e ffic ien t fo r the system can be calculated from 
the slope under steady-state conditions and the d iffusion  
co e ffic ie n t from its  in tersection with the time axis , known as
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the 't im e -la g '. I f  the sheet is in i t ia l ly  free of permeant and 
there is neg lig ib le  pressure build-up on the downstream side of 
the membrane, the amount of d iffu san t, Qt, which passes 
through the sheet of thickness, 1, in time, t ,  is  given by,
.  Dt 1 2 T (-1)" __  /-Dn2*2t
IC j 12 6
- i _  y iz lL -  exp ( -On * t  )  
n2 Ï  n2 \  12 /
where n = 0 ,1,2,3___
As the steady state is approached, with increasing time, the 
graph of against t  tends to the lin e
 ̂ 1 6D
which has an in tercept on the time axis given by
12
L = -—  (1.19)
6D
The diffusion co e ffic ien t can therefore be calculated from the 
above equation. Knowing the diffusion and perm eability  
coeffic ien ts  the s o lu b ility  can simply be calculated from 
S = P/D. This treatment applies only to systems with a constant 
diffusion c o e ffic ie n t, although expressions have been obtained 
for a concentration dependent d iffusion c o e f f i c i e n t 8 2 - 8 5 .  This 
method suffers from the disadvantage of needing a membrane 
support due to the pressure d iffe re n tia l between the upstream 
and downstream sides. Vacuum tig h t seals are also necessary.
An a lte rn a tive  dynamic method has been devised r e c e n t l y g g - 8 9  
which avoids these problems. The membrane is  held in a 
permeability c e ll ,  separating upstream and downstream chambers. 
Penetrant gas or vapour is  passed through the upstream chamber
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and a c a rrie r gas picks up penetrant permeating through the 
f ilm , and carries i t  to the detector. The trace produced as the 
recorder signal approaches its  steady-state value gives the 
diffusion c o e ffic ie n t. F ig . 5 shows a typical recorder trace  
from a permeation run.
Pasternak et a l88 proposed the following mathematical 
treatment for the dynamic method.
The permeation flu x , F, through a membrane of thickness 1 is  
given by,
F(x) = -D(dc/dx)
where c is  the concentration of the permeant in the membrane at 
a position x.
In th e ir  treatment i t  is  assumed that the diffusion  
c o e ffic ie n t, D, is  not a function of the concentration, that the 
surface concentration is proportional to the pressure of the 
permeant and that swelling of the membrane is neg lig ib le .
The following generalized boundary conditions are character­
is t ic  for permeation studies88;
C = 0 X = 1 t  >0
C = Ci X = 0 t = 0
C = Cf X = 0 t  >0
C = C-j (1 -  x ) / l  0<x<l t  = 0
C = Cf (1 -  x ) / l  0<x<l t  = »
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These boundary conditions represent the change from one 
steady-state to another, with the pressure of permeant on the 
downstream side of the membrane always kept at zero. Two useful 
solutions of the d iffe re n tia l equation, which are obtained by 
generalizing expressions given in the lite ra tu re , are^:
F = exp f i n ™  Û
1 1 ( n  - \,-5,5 \ 12 /  y
F = ^  i -  J Î L - l  exp
1 1 /n ^4Dt n = 1,3,5 V 4Dt /
where F is  the flu x  at x = 1; Dc-j/l and Dcf/1 are the 
steady-state fluxes at time t  = 0 and t  = «, respectively.
Pasternak e t a l88 found the second equation the most useful 
and give a f irs t-o rd e r  approximation as:
L?  = A F _(4 //*) /( l2 /4 D t)e x p  ( - l2 /4 D t)
where aF = F -  Dci/1 represents the change in flux during the 
experiment. They argue that i t  is  reasonable to reta in  only the 
f i r s t  term when the second term contributes less than 2% to the 
sum, ie  aF /aF» <0.97. The above equation is then re -w ritten  
as,
AF/AF^ = (4//7r) X exp (-X2) 
where X̂  = lz /4D t
The curve given by the above equation has an extended lin e a r  
range with an empirical slope o f, 
d(AF/AFeo)/d(l/X2) = 1.42
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When the d e fin itio n  of X is introduced, one obtains
D = 0.176 l2(dAS/dt) (1/AS») (1.21)
where dAS/dt is the slope of the lin e a r part of the experimental 
curve, and AS« is  the maximum signal height. The diffusion  
c o e ffic ie n t, D, can therefore be obtained by measuring the 
gradient of the linear, portion of the trace and the plateau 
height at steady-state permeation. Since the permeability 
constant can be calculated from the plateau height (provided the 
se n s itiv ity  of the detector to the permeant is  known) the 
Henry's law s o lu b ility  can be calculated from, S = P/D. A 
permeation trace using the dynamic method w ill therefore give 
a ll three transport parameters.
Ziegel e t a l8? suggest another method for calculating the 
diffusion c o e ffic ien t from the dynamic method permeation trace. 
Their method involves measuring the time taken to reach ha lf the 
steady-state permeation ra te , tig, rather than the gradient of 
the transient region. The equation they derived to calculate  
the diffusion c o e ffic ien t is based on the solution of Pick's law 
appropriate to the conditions of the tim e-lag method given by 
Daynes8i. His derivation is based on an in f in i te  sheet of 
thickness, 1, in i t ia l l y  a t zero permeant concentration. Henry's 
law s o lu b ility , a lin e a r concentration gradient, and a concen­
tra tio n  independent diffusion c o e ffic ien t are assumed. This 
leads to the following expression of the volume flow ra te , F, 
per unit area of the sheet.
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F/F„ = 1  + 2 1  (-1)" exp (-n2*2Dt/L2)
n=l
When F is  equal to F«/2 ie  at time t̂ g the following equation 
applies®?,
exp (-% 2D t./L 2 ) = 0.2539 
and therefore,
D = L2/(7.199tj^) (1.22)
When measuring the tim e-lag from an experimental trace the 
response of the whole experimental system to a stepwise change 
in permeant concentration is measured. Since i t  is  only the 
membrane response that is  required, corrections have therefore  
to be made for the time the permeant takes to travel from the 
switching valve to the membrane, and from the other side of the 
membrane to the detector.
1.11 Work Performed in th is  Research Project
The need to measure the permeation of gases and vapours 
through polymer film s required the construction of a new 
experimental apparatus. Since i t  was envisaged that during the 
course of th is  project the transport properties of several 
polymer/permeant systems would be investigated an experimental 
method was needed for measuring permeability and diffusion  
coeffic ients  reasonably rap id ly . The dynamic perm eability  
method described in the Introduction was thought to be the most 
suitable for th is  work. This method provided continuous mon­
ito rin g  of the permeation rate through the f ilm , and because the
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system was run a t or near atmospheric pressure no membrane 
support or vacuum tig h t seals were required.
Permeant vapour streams of nitroethane, tetrachloreothylene  
and dichloromethane, chosen as being representative of organic 
n itro - and chloro-compounds, were produced using a gas 
saturator. A Ni^s electron capture detector was used to detect 
dichloromethane permeating through PET. For the other 
polymer/permeant systems studied a single flame ionization  
detector was employed.
I n i t i a l l y ,  permeability and diffusion coeffic ien ts  were 
determined for the transport of dichloromethane and nitroethane 
through PET film , over the temperature ranges 60 -  130 for
dichloromethane and 50 -  140 ®C for nitroethane. Because the 
flame ion ization  detector employed for these measurements was 
operating a t the lim its  of its  sen s itiv ity  the experimental 
system was adapted to incorporate the more sensitive N i63 
electron capture detector. Permeability coeffic ien ts  were 
determined for the permeation of dichloromethane through PET 
film  over the temperature range 65 -110 “C, using the electron  
capture detector.
Problems with ca lib ra tin g  the electron capture detector and 
the change of in teres t to the much more permeable PTFE and FEP 
film s , meant the flame ionization detector was more suitable for 
measuring permeation through these polymer film s. Using the 
flame ion ization  detection system permeability and diffusion  
coeffic ients  were determined for the systems PTFE/nitroethane 
over the temperature range 69 -  160 **C, and PTFE/dichloromethane
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over the temperature range 81 -  151 ®C. Permeability  
coeffic ien ts  were also determined for the system PTFE/methane 
over the temperature range 60 -  150 *C. The FEP/permeant 
systems investigated to determine permeability and diffusion  
coeffic ients  were, FEP/dichloromethane, FEP/nitroethane, 
FEP/tetrachloroethylene and FEP/methane over the temperature 
range 20 -  100 ®C.
To determine the accuracy of results obtained using the 
dynamic system permeability parameters were measured for the 
transport of methane through the well characterized polymer low 
density polyethylene, samples of which were obtained from two 
d iffe re n t sources. These results were found to compare 
favourably with values reported in the li te ra tu re .
Differences were noticed between activation energies of 
permeation and diffusion for FEP films annealed a t d iffe re n t  
temperatures, p rio r to performing permeation runs. This e ffe c t  
was a ttribu ted  to changes in the c rys ta llin e  content of the FEP 
and attempts were made to measure changes in the crystal 1in ity  
of the polymer using d iffe re n tia l scanning calorim etry, in fra ­
red absorption spectroscopy and density measurements.
A vacuum microbalance was used to record the sorption of 
nitroethane and tetrachloroethylene by FEP film  samples in the 
as-received state. Sorption isotherms were also recorded for  
the uptake of dichloromethane by FEP film  samples annealed at 
100 ®C for 24 hours, annealed at 200 fo r 24 hours and in the 
as-received s tate .
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CHAPTER 2 EXPERIMENTAL
2.1 The Flow System
A schematic diagram of the flow system constructed to 
measure permeability and diffusion coeffic ien ts  fo r gases and 
vapours through polymer films is shown in Fig. 1.
A cylinder of high purity nitrogen supplied the flush gas 
and saturator streams. Both lines contained brass toggle valves 
to enable the two streams to be switched on and o ff  independ­
en tly . Brooks flow controllers positioned beyond the toggle 
valves gave accurate flow control of the flush and saturator 
nitrogen streams.
The saturator nitrogen stream then passed from the flow 
contro ller to the gas saturator (which is described in deta il in  
Section 2 .3 ) and emerged saturated with permeant vapour at the 
temperature of the gas saturator. All tubing, couplings and 
valves positioned beyond the gas saturator and therefore coming 
into contact with permeant vapour, were constructed of stainless  
s te e l. The permeant stream then passed from the gas saturator 
to a three-way ball valve which enabled the vapour stream to be 
switched over to a methane permeant stream supplied d ire c tly  
from a cylinder. The permeant stream, whether methane or 
vapour, then passed to a Perkin-Elmer gas chromatographic 
sampling valve, henceforth called the flush/permeant switching 
valve. This enabled the stream to be switched from flush to 
permeant, or vice-versa, with the stream that was not passing 
through the permeability ce ll being vented to the atmosphere. 
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saturator since i t  meant that the nitrogen stream could be le f t  
passing through the saturator and vented to the atmosphere 
before an experiment, giving the saturator stream time to reach 
equilibrium  concentration before switching over from flush gas 
and therefore beginning a run.
Gas or vapour permeating through the polymer film  to the 
downstream chamber of the perm eability c e ll ,  was carried to the 
flame ion ization  detector by a c a rr ie r  gas stream of high purity  
nitrogen which continually flushed through the downstream 
chamber. A Perkin-Elmer single flame ionization detector 
produced a signal in response to dichloromethane or nitroethane  
vapour permeating through PET film ; th is  was registered as a 
trace on a Bryan's chart recorder. A Pye 104 series Ni^^ 
electron capture detector was used to detect dichloromethane 
permeating through PET f ilm . For the other polymer/permeant 
systems investigated a Pye 104 series flame ionization detector 
was employed.
2.2 The Perm eability Cell
F ig . 2 shows a diagram of the permeability ce ll used to hold 
the polymer film  during perm eability measurements. The ce ll was 
machined from stainless steel in two parts held together, with 
the polymer film  in place, by six screws. The permeation 
chamber was designed to give a film  area exposed to the permeant 
of 19.63 cm̂  with the upstream and downstream chambers having a 
depth measured from the film  of 0.02 inch. The depth 
measurement was d e lib era te ly  made small so as to reduce the 
chamber volume and therefore fa c i l i ta te  the rapid flushing  
through of a permeant on switching over gas streams.






With the polymer film  in place between the two sections of 
perm eability ce ll and the six screws tightened, the outer rim of 
the film  clamped between the f la t  ce ll surfaces behaved lik e  a 
gasket and sealed the permeation chamber. This sealing method 
provided a w ell-defined surface area exposed to the permeant 
(unlike a rubber 0 -ring  seal) but required the film  to be of 
s u ffic ie n t thickness and have the rig h t texture to act as a 
sealing gasket. A ll the films used in the present work 
f u l f i l le d  these c r ite r ia  making th is  a satisfactory sealing 
method.
For the high temperature permeation measurements (60 -  
100 “O  the permeability ce ll was housed in a Pye 104 series gas 
chromatograph oven which controlled the temperature to 
±0.05 ®C. Mercury-in-glass thermometers graduated to 0.1 °C 
were used to measure the temperature of the oven. Because the 
gas chromatograph oven temperature could not be controlled  
precisely enough below 60 ”C, fo r the low temperature work (20 -  
50 ®C) the cell was removed and placed in a thermostatted 
waterbath. Temperature control here was achieved using a 
mercury contact thermometer connected via an electronic relay to 
a 100 W heating element; th is  arrangement gave a temperature 
control of ±0.1 ®C. Mercury-in-glass thermometers graduated to 
0.1 ®C were once again used for temperature measurement.
2.3 The Gas Saturator
The gas saturator, shown in Figure 3, produced a known con­
centration of permeant vapour. The design of the saturator was 
based on a description given by Weissberger^o. An in e rt gas, in 
th is  work high purity  nitrogen, was bubbled through the organic















liq u id  at a s u ffic ie n tly  slow rate to ensure equilibrium  
saturation. Temperature control was achieved to ±0.05 ®C by 
pumping water from a thermostatted reservoir through a water 
jacket surrounding the saturator. The water in the reservoir 
was maintained at a constant temperature with a contact mercury 
thermometer and electronic relay contro lling  a heating element.
A mercury-in-glass thermometer, graduated to 0.1 ®C, was used to 
measure the temperature of the water in the jacket.
I f  the saturator produces a completely saturated vapour 
stream and the gas and vapour are assumed to behave id e a lly , 
then the following measurements are needed to calculate the 
vapour p a rtia l pressure in the upstream side of the p a rtitio n  
c e l l : -  ( i )  the vapour pressure of the organic liq u id , Py, in  
the gas saturator ( i i )  the to ta l saturator pressure, Pg, and 
( i i i )  the to ta l pressure in the upstream chamber of the 
permeability c e ll ,  P/\. The Antoine equation can be used to 
compute the vapour pressure of the organic liq u id  in the gas 
saturator. The to ta l saturator pressure is  the sum of 
atmospheric pressure and the excess pressure above atmospheric, 
caused by restric tio n s  in the gas flow due to the narrow bore of 
tubing and valves. Atmospheric pressure was measured to ±0.1 
to rr  using a mercury barometer and the excess pressure above 
atmospheric measured to ±0.5 to rr using a mercury manometer 
attached to the e x it side of the saturator.
Since the upstream side of the p a rtitio n  ce ll was vented to 
the atmosphere, the chamber pressure was atmospheric. Therefore 
knowing the vapour pressure of the liq u id , the to ta l pressure in 
the saturator and the atmospheric pressure, and assuming that
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the gas and vapour behave id e a lly , that equilibrium  saturation  
is  established and that Dalton's law applies, the p a rtia l 
pressure of vapour in the upstream chamber, Pc, could be 
calculated. From Dalton's law i t  follows that the ra tio  of the 
vapour pressure to the to ta l pressure is equal to the ra tio  of 
the volume of vapour to the to ta l volume of vapour and nitrogen 
leaving the saturator in un it time. Therefore,
Pc = ^  > " ’a
Provided the assumptions mentioned previously are v a lid , th is  
method provided a satisfactory way of finding the p a rtia l 
pressure of permeant in the upstream chamber of the permeability 
c e ll .  When calculating permeant p a rtia l pressure for the 
e a r lie r  experiments involving permeation through PET and PTFE 
films the saturator was assumed to produce a saturated vapour 
stream. For the la te r  permeation experiments with FEP film  the 
saturator e ffic iency was measured at the p a rticu la r saturator 
temperature used and this e ffic iency value was included in the 
permeant p a rtia l pressure calcu lation . To measure the saturator 
effic iency  vapour leaving the e x it side of the saturator was 
trapped for a known time and weighed.
The vapour and nitrogen mixture was passed through a trap  
immersed in a Dewar containing a dry-ice/alcohol mixture. The 
nitrogen leaving the e x it side of the trap was then bubbled 
through a Drechsel bo ttle  containing water, before a flow rate  
measurement was taken using a bubble-flow meter. A Drechsel 
bo ttle  was necessary to saturate the nitrogen with water vapour 
before its  flow rate was measured. I t  was assumed that the
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nitrogen was saturated with water vapour when calculating the 
vapour pressure of the permeant; with no Drechsel bo ttle  in the 
set-up the bubble-flow meter would have saturated the nitrogen 
to an unknown degree, making correction of the flow rate  
measurement impossible. In the equations used to calculate the 
vapour p artia l pressure from trapping and weighing measurements, 
the following notation app lies:-
W, weight of permeant, 
t ,  time of trapping.
Pa , atmospheric pressure,
T, laboratory temperature,
Pŷ , p a rtia l pressure of water vapour at T,
(MW), molecular weight of permeant
R, the gas constant,
f ,  flow rate measured at T and Pa .
The volume of nitrogen at T and Pa flowing into the trap
during a trapping run is  given by.
The volume of vapour, at T and Pa , flowing into the trap
during a trapping run is given by,
W RT 
(MW) * P^
Therefore the to ta l volume of nitrogen and vapour is given by.
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This gives a p a rtia l pressure of vapour in the upstream side of 
the permeability cell of
\ (MW) P. /
( ! aJLZw) .f.t] + .E L \
\  P& /  J \ (MW) Pa /
(2 . 1 )
When producing permeant and ca lib ra tio n  streams of dichloro- 
methane in nitrogen the gas saturator was thermostatted between
13.7 and 13.9 ®C. Vapour trapping runs were per­
formed with the saturator thermostatted a t 13.7 ®C and a flow 
rate of in e rt gas through the saturator of about 30 cm̂  m in 'i. A 
series of four trapping runs gave a mean p a rtia l pressure of
257.7 to rr  with a probable error per trapping run of ±3 to r r .
I f  equation 2.1 is used to calculate the expected concentration 
of vapour in a saturated permeant stream, the mean p artia l 
pressure as determined from trapping runs was found to be 97.1% 
of the th eo re tica lly  saturated value. When calculating  
perm eability coeffic ients  and the s e n s itiv ity  constant for the 
flame ionization detector the p a rtia l pressure of dichloro- 
methane was taken as 97.1% of the th eo re tica lly  saturated value 
at the measured saturator temperature. The vapour pressure of 
dichloromethane at a given temperature was calculated using the 
equationSi.
1327.016lo g io (P v /to rr) = 7.141201 -
(T/°C) + 252.676
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The error given in the reference is ,
y |Pressure(observed) -  Pressure(calculated)|
Data points
= 0.430 to r r .
When producing a permeant stream of nitroethane in nitrogen the 
gas saturator was thermostatted at 13.9 ®C for the high temp­
erature (60 - 100 "O measurements and 17.7 ®C for the low 
temperature (20 -  50 ®C) measurements. Trapping runs performed 
with the gas saturator thermostatted at 13.7 ®C gave a mean 
p artia l pressure of 10.39 to rr with a probable error of ±0.16 
to r r . This is  98.1% of the theoretical saturated value.
The vapour pressure of nitroethane at a given temperature 
was calculated using the equation^i.
loQio ( p / t o r r )  = 7.58777 -  1^71.6
(T/'C)+241.187
The error given in the reference is ,
y |Pressure(observed) -  Pressure(calculated)[ 
Data points
= 0.501 to rr
When calculating permeability coeffic ients  with the gas 
saturator thermostatted at 13.9 **C, i . e .  the high temperature 
measurements, the p artia l pressure of nitroethane was taken as 
98.1% of the theoretical saturated value.
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Since the flame ionization detector s e n s itiv ity  constant for 
nitroethane was determined with the gas saturator thermostatted 
at 28.1 ®C (which was necessary to produce peaks of s u ffic ie n t  
s ize ), trapping runs were performed at th is  temperature to det­
ermine the concentration of the vapour stream. A series of four 
runs gave a mean p artia l pressure of 23.08 to rr  with a probable 
error of ±0.35 to rr . This is  97.3% of the theoretical saturated 
value.
When producing permeant streams of tetrachloroethylene the 
gas saturator was thermostatted at 13.7 fo r the low temper­
ature measurements (20 -  50 ®C) and 28.7 fo r the high 
temperature measurements (60 -  100 *C). Trapping runs with the 
gas saturator thermostatted at 13.7 ®C gave a mean p artia l 
pressure of 9.40 to rr  with a probable error of ±0.12 to rr . This 
was 98.3% of the th eo re tica lly  saturated value. With the gas 
saturator thermostatted at 28.7 *C a mean p artia l pressure of 
21.84 to rr  with a probable error of ±0.28 to rr  was obtained.
This was 97.91% of the th e o re tica lly  saturated value.
The vapour pressure of tetrachloroethylene at 28.7 needed 
for the calculation of the theoretical saturated vapour con­
centration was calculated using the equations^
144.819
log^Q (p y /to rr) = 7.05566 -
(T/*C) + 223.979
The error given in the reference is ,
y I Pressure(observed) -  Pressure(calculated),[ 
Data points
= 0.314 to rr
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Because the above equation is only va lid  over the temperature 
range 28 -  107 ®C the vapour pressure of tetrachloroethylene at
13.7 ®C was calculated by in terpo lating  between tabulated vapour 
pressure values given in reference 92.
2.4 Treatment o f the Polymer Films P rio r to Measuring Transport 
Parameters
When performing permeation runs with PET film  using the 
Perkin-Elmer FID the polymer was heated in the permeability c e ll 
to the highest temperature at which a measurement was required; 
further permeation runs were then performed at descending 
temperature in te rva ls . To reduce contamination of the electron  
capture detector, by low molecular weight species from the PET 
f ilm , i t  was necessary when measuring transport parameters fo r  
the system PET/dichloromethane to maintain the polymer at 200 ®C 
for a t least 36 hours prio r to performing an experiment.
To avoid changes in polymer morphology on measuring trans­
port parameters at changing temperatures the PTFE and FEP films  
were annealed before a series of experimental runs. The 
annealing temperature was chosen to be at least as high as the 
highest temperature at which transport measurements were taken. 
FEP film s used for the high temperature runs (60 -  100 ”C) were 
annealed a t e ith er 100 or 200 *C for 24 hours. The annealing 
procedure consisted of mounting the films in the permeability 
cell and heating to the required temperature fo r 24 hours with 
nitrogen flowing through upstream and downstream chambers to 
maintain an in e rt atmosphere. A fter 24 hours the oven was 
turned o ff and the permeability ce ll le f t  to cool to room 
temperature. Permeability runs were then performed at ascending
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temperatures. Because the permeability ce ll was mounted in a 
water bath fo r the low temperature measurements (20 -  50 *C), i t  
was not possible to anneal the FEP film  in the c e l l .  For these
measurements the film  was annealed in a glass vessel with
nitrogen flushing through to maintain an in e rt atmosphere. 
Cooling rates fo r the oven, measured using a thermocouple and
recorder, are shown in Fig. 4.
The PTFE film s were mounted in the permeability ce ll and
annealed at 200 *0 fo r a t least 12 hours with nitrogen flowing
through both chambers of the c e ll .  The polymer film s were then 
cooled to ambient temperature and permeation runs performed at 
e ith e r ascending or descending temperature in te rv a ls .
2.5 Experimental Procedure fo r Measuring Permeation Rates Using the 
Pye 104 FID
The c a rr ie r  gas flow rate was set to 10 cm̂  m in-i using the 
Brooks flow contro ller incorporated in the flow control u n it, 
and measured with a bubble flow meter. The hydrogen and a ir  
supplies to the FID were set to 11 and 10 lb in 'Z  respectively,
as shown on the pressure gauges incorporated in the flow control
u n it. The flame was then l i t  and the detector (which had been 
previously thermostatted to 250 *0) le f t  fo r at least 2 hours 
before an experimental run was performed. To ensure that the 
perm eability c e l l ,  which had a reasonably large thermal 
capacity, had reached thermal equilibrium  i t  was also le f t  
thermostatted at the required temperature fo r a t least 2 hours.
With the attenuator set to the required value and the chart 
recorder e le c tro n ic a lly  'backed-off' to the baseline, the 
equipment was ready for a permeation measurement. Changing the

















switching valve from flush to permeant began a permeation run, a 
typical recorder trace of which is shown in Fig. 5, Several 
d is tin c t regions have been marked on the time axis of Fig. 5.
I f  A is  the time when the switching valve is changed from flush 
to permeant, AB represents the time taken for permeant to reach 
the upstream face of the polymer, and is  dependent on the flow 
rate of the permeant stream and the 'dead' volume between the 
switching valve and the upstream chamber of the c e l l .  BC 
represents the time taken for permeant to diffuse through the 
polymer film  and is therefore a characteris tic  of the film  
thickness and the p articu la r polymer/permeant system under 
investigation. The time-span marked CD in Fig. 5 is  the time 
taken for the permeant to move from the downstream chamber of 
the ce ll to the flame ionization detector, and be registered as 
a signal on the recorder. The recorder signal continues to rise  
u n til the steady-state permeation rate is established, as shown 
by the trace lev e llin g  o ff to a plateau of signal height S*.
This plateau height can be used to determine the permeant f lu x , 
F, through the film  which is  given by,
F = Soo . K
The ca lib ra tion  constant, K, has units of cm^fSTP) cm"i s" i; 
therefore measurement of in centimetres corrected to unit 
attenuator setting gives F units of cm3(STP)s"i.
A knowledge of the film  area exposed to the permeant. A, the
film  thickness, L, and the p artia l pressure of the permeant,
Pc, can then be used to calculate the permeability co e ffic ien t
for the system, P, which is  given by 
S„ . K. L
P = ---------------- (2 .2 )
A.Pc
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Permeability coeffic ients in th is  work have been given in units 
of centibarrers, where
IcB = lO riz  cm3(STP) cm/(cm2 cm Hg)
The gradient of the linear region, dS/dt in Fig. 5, can be 
used to determine the mutual d iffusion co e ffic ie n t for the 
polymer/permeant system. As explained in Section 1.10 of the 
Introduction the diffusion c o e ffic ie n t, D, can be approximated 
by equation®® 1.21.
D = 0.176 l2 (d S /d t)( l/S » )  
where dS/dt is the increase in the detector signal with time 
over the linear region of the trace. I t  was found in the 
present work that dS/dt increased s lig h tly  with increasing 
permeant flow ra te . Measurements taken at d iffe re n t flow rates 
showed that dS/dt reached a maximum at a permeant flow rate of 
40 cm® m in 'i. This e ffec t has been noted previously by other 
workers®® and is  thought to be due to an increase in sharpness 
of the boundary between permeant and flush gas; th is  results in 
a more rapid change from flush to permeant in the upstream 
chamber of the permeability c e ll .  For th is  reason a flow rate  
of 40 cm® m in-i was chosen for both permeant and flush streams.
2.6 The Flame Ionization Detector
The permeant vapour d iffusing through the polymer film  was 
entrained by a carrier gas stream of nitrogen, flowing at 
10 cm® m in -i, and carried to an independently thermostatted Pye 
model 104 single flame ionization detector. The detector signal 
was recorded as a trace on a Bryans chart recorder.
When steady-state permeation through a polymer film  was 
established a trace of constant signal height was seen on the
F ig . 's  P E R M E A TIO N  TRACE
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recorder. To calculate the flu x  through the film  from th is  
signal height i t  was necessary to ca lib ra te  the flame ionization  
detector. For dichloromethane the ca lib ra tio n  was performed by 
passing a known volume of vapour through the detector and 
measuring, by a cut and weigh method, the area of the peak 
produced.
A Perkin-Elmer gas chromatographic sampling valve f it te d  
with a loop of 1/8 inch o.d. stainless steel tubing was used to 
give a known volume of vapour. The loop volume was measured by 
weighing the mercury needed to f i l l  the bore and using th is  
value together with the density of the mercury to calculate the 
required volume. I f  the temperature and p a rtia l pressure of 
vapour in the loop are known then the peak area can be used to 
calculate a ca lib ration  constant in units of 
cm3(STP) s"i cm(signal height)"^, the peak area being corrected 
to unit chart speed and attenuation setting . In th is  work the 
temperature of the sampling loop was controlled to ±0.5 ®C by 
enclosing i t  in a thermostatted cabinet. The p a rtia l pressure 
of vapour in the loop was determined using the gas saturator 
calculations described e a r lie r .
The measurement of peak areas was used to determine the 
ca lib ra tio n  constants fo r dichloromethane and nitroethane using 
the flame ionization detector. I t  was not possible to use the 
peak area method to determine the ca lib ra tio n  constant fo r  
tetrachloroethylene because the peaks produced had incon­
veniently long ta i ls ,  making area measurement d i f f ic u l t .  To 
ca lib ra te  the detector fo r tetrachloroethylene a mixture of
12.5 ppm tetrachloroethylene in nitrogen was passed in to the
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detector through the c a rr ie r  gas lin e , producing a signal of 
constant height on the recorder. The ca lib ra tion  constant for 
tetrachloroethylene could then be calculated from the flow rate  
and concentration of the ca lib ra tio n  gas, and the signal height 
measured.
A s e n s itiv ity  constant fo r methane was determined, as with 
dichloromethane and nitroethane, using the sample loop method. 
The methane was supplied from a cylinder containing a mixture of 
2.05% methane in nitrogen.
2.7 The Electron Capture Detector
A Pye 104 series Ni^^ electron capture detector was used to 
measure the permeation rate of dichloromethane through 
poly(ethylene terephthalate) (PET) film . The detector was 
operated in the pulse mode at 150 ys and a temperature of 
250 *C. The high s e n s itiv ity  of the electron capture detector 
meant th a t a ll tubing and valves had to be thoroughly cleaned 
before operation. High purity nitrogen was used as the c a rr ie r  
gas.
To ca lib ra te  the detector a diffusion d ilu tion  method was 
used as described by Desty et a l93. This method provided the 
necessary low concentrations of vapour and being a continuous 
method i t  eliminated any adsorption errors. The ca lib ra tion  
device shown in Fig. 6 consisted of a glass mixing chamber 
f i t te d  with a piece of c ap illa ry  tubing approximately 13 cm in  
length and with an internal diameter of 0.4 mm. Several 
d iffe re n t cap illa ry  sizes were tr ie d  before the required 
concentration of vapour was produced. The level of liq u id  in 
the c a p illa ry  was measured to 0.1 mm using a cathetometer. The










calib ration  method involved passing a stream of high purity  
nitrogen over the cap illa ry  tube which contained 
dichloromethane, and measuring the increase in the distance 
between the open end of the cap illa ry  and the liq u id  level with 
time. This gave a measure of the amount of liq u id  diffusing
into the c a rr ie r  gas stream. The rate of d iffusion may be
determined according to the following theory.
In an open ca p illa ry  the rate of d iffu s io n , Ŝ ., is  
inversely proportional to the distance between the liq u id  
meniscus and the open end of the ca p illa ry  tube, 1.
K
i . e .  S = —  (2 .3 )
1
where Kg is  a constant under fixed experimental conditions.
I t  is  shown by Desty et al 93 th a t,
2K^t 
9 9r  = ------- + r  (2.4)
pA °
where, p is the density of the liq u id , Ig is the in i t ia l  
distance between the end of the cap illa ry  and the liq u id  
meniscus, A is the cross-sectional area of the ca p illa ry  bore 
and t  is time.
The constant Kg was calculated from the gradient of a p lo t
of 1% against t  and a knowledge of A and p .  Kg was then sub­
s titu te d  back into equation (2 .3 ) and the rate of d iffu s io n ,
Sp, found at a given time t .  Therefore, knowing the flow rate  
of c a rr ie r  gas through the mixing chamber the concentration of 
dichloromethane vapour in the c a rrie r gas stream was 
calculated.
The electron capture detector responds to an electron cap­
turing species by a reduction in a standing current established
50
with pure c a rr ie r  gas. A detector which responds by a drop in
current cannot be lin e a r over a large range since the current
cannot fa l l  below zero. The detailed theory of operation
of the electron capture detector has been studied by Wentworth
et a l9*+, who find that in the conditions of th e ir  proposed
mechanism the response of the detector is given by,
I -  I.
— -------   = D..C (2 .5 )
Ib
where Ig is the standing current due to pure c a rrie r gas, 
is  the current in the presence of a concentration, C, of elec­
tron capturing vapour and Dg is a constant which expresses the 
s e n s itiv ity  of the detector to the vapour. Lovelock et a l95 
have shown that the equation holds over at least two orders of 
magnitude.
In th is  work the constant Dg was calculated using the 
known concentration of the ca lib ration  vapour stream. Dg was 
then used, together with measured values of Ig and Ijj, to 
calculate the concentration of dichloromethane vapour in the 
c a rrie r  gas stream flushing through the downstream chamber of 
the permeability c e l l .  The rate of permeation through the PET 
f ilm , F, was then calculated from a knowledge of the flow rate  
of the c a rr ie r  gas, fg , and the concentration of the dich­
loromethane vapour, Cq, 
i .e . F = f g .  Co
The experimental procedure for determining transport para­
meters using the N i63 electron capture detector was sim ilar to 
that described previously when using the flame ionization  
detector. The extreme s en s itiv ity  of the electron capture 
detector to im purities required a PET film  sample to be mounted 
in the perm eability ce ll and maintained at 200 “C, with nitrogen
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flowing through both chambers for at least 36 hours before the 
standing current was s u ffic ie n tly  large to enable a run to be 
performed. This loss in standing current prior to heat t r e a t ­
ment was presumably due to contamination of the detector by low 
molecular weight species being lo st from the polymer.
2 .8  S ta tic  Sorption Measurements
The uptake of permeant vapour by the FEP film  was measured 
using a Sartorius electronic vacuum microbalance, model 4012. 
This is  a quartz beam balance and was operated at ten times the 
basic s e n s itiv ity  range enabling a weight change of up to 200 mg 
at a resolution of 0.01 mg to be measured. A schematic diagram 
of the balance and associated vacuum frame is  shown in Figs. 7 
and 8.
A sample of FEP film  was suspended from the rig h t hand side 
of the balance and a tare  weight of s ilic a  glass hung from the 
le ft-hand  side. This enabled a sample weight of about 1 . 8 to 
be used while maintaining the measuring range of 200 mg. The 
sample was prepared from a s trip  of 0.001 inch thick FEP film
wound in to  a s p ira l. The liq u id  permeant was kept under vacuum
outside the balance housing and le t  into the chamber through a 
Hoke brass bellows valve.
To control accurately the temperature at which the 
absorption isotherms were determined, the hang-down tube around
the sample was surrounded by a water jacket through which water
from a thermostatted reservoir was c ircu la ted . The sample was 
maintained at a temperature of 29.89 ±0.01 ®C (nominally 30 ®C) 
as measured with a mercury-in-glass thermometer, in Fig. 7, 
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ensure accuracy. The whole balance mechanism was thermostatted 
using a mercury contact thermometer and heating element to 
control the temperature of the a ir  circulated through the 
surrounding cabinet with a fan. The temperature of the balance 
block and surrounding a ir  were monitored using mercury-in-glass 
thermometers, Tg and T  ̂ in Fig. 7, and maintained at 30.0 ®C 
and 30.1 ®C respectively. This is  s lig h tly  above the sample 
temperature to ensure that the pressure recorded is the pressure 
of the vapour in equilibrium  with the sample.
The pressure of the system was measured on a Texas 
Instruments quartz spiral Bourdon gauge thermostatted at 48.5 
and used with a 100 cm Hg gauge head. Since i t  was not included 
in the a ir  thermostat i t  was connected to the balance chamber by 
a heated lin e  maintained a t a temperature above that of the 
balance chamber. The large 2 - l i t r e  glass bulb included in the 
system minimised any pressure build-up due to leakage and out- 
gassing from balance seals during the recording of an isotherm. 
Also, because the internal volume is large i t  was ensured that 
the pressure drop on absorbing vapour was small and enabled 
experimental points to be recorded at essentia lly  pre-determined 
p artia l pressures.
2.9 Experimental Procedure fo r Determining S.orption Isotherms
A sample of 0.001 inch thick FEP film  (approximately 1.8 g)
was prepared by cutting an approximately 2 cm wide s trip  of the
film  and winding i t  into a s p ira l, held together by a small
piece (approximately 0.01 g) of e le c tric a l fuse w ire. With the 
balance calibrated according to the manufacturer's instructions  
the sample was mounted on the right-hand side of the beam using
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another small piece of fuse wire as a loop to attach i t  to the 
balance hang-down w ire. The s ilic a  tare weights were then 
placed on the left-hand side of the beam, both copper hang-down 
tubes were securely fastened and pumping on the sample was 
commenced. This was begun with a rotary o il pump to reduce the 
pressure to approximately 0.1 to r r , as registered on the Pi rani 
gauge, and followed by an o il vapour d iffusion pump. During 
th is  process valves A and B were closed to iso la te  the absorbate 
sample and valve C was open to allow pumping on the polymer 
sample.
When a suitable vacuum had been achieved, ie  less than 10-4 
to rr on the Pi rani gauge, the polymer sample was isolated by 
closing valve C. A check was then made on the leak and 
outgassing rate into the balance chamber, which i f  too high 
would have led to error in the pressure measurement. This 
consisted of iso lating  the balance chamber for an hour and then, 
with the vacuum pumps iso lated , opening valve C to enable any 
pressure build-up to register on the Pi rani gauge. I f  the leak 
and outgassing rate into the balance chamber was found to be 
less than 10“  ̂ to rr m in 'i the polymer sample was pumped on again 
for 30 min. to re-establish the orig inal vacuum. Before an 
absorption run was begun the absorbate was outgassed to remove 
any dissolved atmospheric gases. This was achieved by pumping 
on the absorbate, which was frozen by surrounding the glass limb 
with a Dewar of liq u id  nitrogen. The Dewar was then transferred  
to the second limb and the f i r s t  limb warmed using a hot a ir  
blower. This caused the absorbate to d is t i l  over to the second 
limb where i t  was re-frozen and pumped on again. This cycle was
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continued un til no pressure increase was detected by the Pi rani 
gauge on iso la ting  the pumping system from the rest of the 
vacuum frame and opening valve A.
Having measured the leak and outgassing rate into the 
balance chamber, degassed the absorbate, tared the balance to  
zero and checked that the thermostat temperatures were correct, 
the vapour was then admitted to the polymer sample by opening 
valve B. The change in weight of the sample was followed on a 
chart recorder, with the system reaching equilibrium  when the 
trace leve lled  o ff to a plateau. The time taken to reach 
equilibrium  depended on the diffusion rate into the polymer 
sample, which was in turn a function of the molecular size of 
the penetrant and the film  thickness. Because equilibrium  times 
were found to be inconveniently long with the 0.002 inch thick  
FEP film  used for the dynamic permeation measurements, a thinner 
film  of 0.001 inch thickness was chosen for the s ta tic  
measurements. Once equilibrium  had been established at the 
f i r s t  pressure further doses of vapour were admitted into the 
balance chamber un til measurements had been taken over the 
required pressure range. Corrections were made to the recorded 
pressure using the previously determined leak and outgassing 
rate into the balance chamber; th is  was necessary since errors 
in the pressure measurement became s ig n ifican t towards the end 
of a series of sorption runs.
2.10 Use of D iffe re n tia l Scanning Calorimetry (030) to Measure 
Changes in the Weight P.ercent C ry s ta llin ity  of FEP Film on 
Annealing.
A Perkin-Elmer model IB d iffe re n tia l scanning calorim eter 
was used to measure re la tiv e  amounts of c ry s ta ll in ity  in the 
d iffe re n t FEP samples.
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Conveniently-sized discs of 0.002 inch thick FEP film  were 
cut out using a cork borer. Several discs, amounting to approx­
imately 10 mg, were accurately weighed and placed in the 
aluminium sample holder provided with the instrument. With the 
reference holder in position a scan was performed a t a speed of 
32 K m in 'i over the c rys ta llin e  melting temperature of the 
polymer. A typical endotherm is shown in Fig. 9. Peak areas 
were measured by cutting out the peak and weighing i t .
As mentioned in the Introduction DSC only provides a method 
fo r measuring differences in c rys ta llin e  content between 
samples, rather than an absolute degree of c ry s ta ll in ity .  
Absolute measurements would require knowledge of the enthalpy of 
fusion of 100% c rys ta llin e  polymer and this is not availab le .
2.11 Density Measurements to Detect Changes in the Volume Percent 
C ry s ta llin ity  of FEP on Annealing.
A Sartorius model 4012 microbalance was used in a buoyancy 
method to determine the density of FEP film . Approximately
1.8 g was prepared as described for the s ta tic  sorption 
measurements. The sample was then mounted on the right-hand 
side of the balance and a piece of s ilv e r wire (approximately
1.8 g) placed on the left-hand side. With a satisfactory vacuum 
(<10”3 to rr) established and the balance tared to zero, atmos­
pheric a ir  was leaked into the balance chamber and differences 
in upthrust between the FEP film  and s ilv e r wire measured at 
increasing a ir  pressures. The density of the FEP could then be 
determined from a knowledge of the densities of atmospheric a ir  
and s ilv e r , together with the gradient of a p lo t of balance 
reading against a ir  pressure.














Balance reading = j  —  DfV^-Vg) (2 .6 )
where and are the mass and volume of FEP, and are 
the mass and volume of s ilv e r , p is  the pressure of a ir  in the 
balance, P/̂  is  atmospheric pressure and D is  the density of 
a ir  a t Pa . A p lo t of balance reading against pressure in the 
balance chamber yielded a lin e a r graph of gradient 
—  (V--V«) from which the difference in volume between the FEP
and s ilv e r  samples, (V^-V^) was found. The volume of s ilv e r ,
V^, was calculated from its  mass and density to give the 
volume of the FEP sample. The density of the FEP can then be 
calculated from its  mass and volume.
2.12 Experimental Procedure for Densi.ty Determinations
A fter ca lib ra tin g  the balance the FEP film  and s ilv e r wire 
were weighed and mounted on the appropriate balance hooks. The 
balance chamber was then pumped down to a pressure of less than 
10-4 to rr  using the rotary and vapour d iffusion pumps. Having 
tared the balance to zero (under vacuum), atmospheric a ir  was 
leaked in , to the required pressure, and the balance le f t  to 
s ta b ilis e  for several minutes before weight and pressure 
readings were recorded. Nine separate balance readings were 
taken up to a pressure of about 450 to r r . Linear regression 
analysis was used to determine the gradient of the balance 
reading against pressure p lo t.
The density of atmospheric a ir  needed for the calculation  
was determined using the equation's,
= 1.2929 (273.13/T)[(B -0.3783e)/760] (2 .7 )
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where.
Da = density of atmospheric a ir  
T = a ir  temperature / k  
B = barometric pressure /  to ff  
e = vapour pressure of moisture /to re
2.13 Density Determinations Using the Liquid Displacement Method 
A liq u id  displacement method was used to determine the 
density of 0.002 inch thick FEP film  annealed at 100 **C for 24 
hours, annealed at 200 ®C for 24 hours and in the as-received 
sta te . A liq u id  was required for these determinations that was 
s u ffic ie n tly  in v o la tile  to use a density b o ttle , had a low 
uptake by FEP and had a low surface tension to avoid a ir  bubbles 
being trapped on the polymer surface. The hydrocarbon xylene 
was found to f u l f i l  these requirements. The procedure involved 
accurately determining the volume of a nominally 25 cm3 density 
b o ttle  which was thermostatted in a waterbath a t 25 ±0.02 °C; 
th is  was achieved using d is t i l le d  water. A weighed sample of 
FEP film  (approximately 1.5 g) was then placed in the density 
b o ttle  which was f i l le d  with xylene and thermostatted at 25 °C 
before weighing. A value for the density of the FEP film  was 
then calculated from a knowledge of th is weight, W ,̂ together 
with the weight of the FEP sample, Wp, the density of the 
xylene, D^, a t 25 "C and the weight, Wg, and volume, Vg, 
of the density bo ttle  a t 25 ®C. The density of the FEP film .
Dp, is  given by
.  -  [ '"X  -  "B - VI  • P,X (2 .8 )
«F
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2.14 In frared Absorption Spectrometry to. Detect Changes in the Volume
Percent Crystal.1 in ity  of the, FEP, on. Annealing
M ille r  and W illis^? , and also Moynihan^®, have used in frared
absorption spectroscopy for measuring the c r y s ta l l in ity of 
po ly(tetrafluoroethylene). Moynihan^® used the ratios of the 
778 cm'i and 2367 cm“  ̂ band in ten s ities  as a measure of the 
amorphous content of the polymer. Absorption by the amorphous 
fraction of the polymer produces a band at 778 cm -i, and an 
overtone of the strong CF  ̂ absorption a t 2367 cm'i was used as 
an internal thickness standard.
The in frared absorption spectrum of FEP was accordingly 
determined and was also found to show bands a t 778 cm~i and 2367 
cm 'i. The ra tio  of these band in ten s ities  was then used as a 
basis for measuring differences in c ry s ta ll in ity  between the FEP 
samples. An absolute measure of c ry s ta ll in ity  could not be made 
using th is  method since the absorbance of a 100% amorphous 
sample was not availab le .
Infrared absorption spectra were run on a Rank H ilger 
infragraph MK.3 H1200 in frared spectrometer. Absorbance 
measurements were taken for the bands at 2367 cmri and 778 cm 'i. 
The band at 2367 cm'i was of measurable s ize , with no attenua­
tion of the reference beam necessary, whereas the band at 
778 cm'i needed attenuation to reduce errors in measurement. An 
in frared absorption spectrum of FEP is shown in Fig. 10. Also 
























































2 .15  M a te r ia l s
The PET film  used in the study of the systems 
PET/dichloromethane and PET/nitroethane using the flame 
ion isation detector was Type S 'Melinex' polyester film  of 12ym 
thickness supplied by Imperial Chemical Industries Ltd. The 
dichloromethane used for these measurements was a general 
purpose reagent 'A' grade supplied by Hopkins and Williams. The 
nitroethane, grade SLR, was supplied by Fisons.
The PET film  used in the study of the system PET/ 
dichloromethane using the electron capture detector was Type S 
'Melinex' polyester film  of 23ym thickness for the runs at 65, 
70, 80 ”0 and 50pm thickness for the runs a t 90, 100, 110 *C. 
High purity  nitrogen supplied by A ir Products was used as the 
c a rr ie r  gas for a ll permeability measurements made using the 
dynamic system.
The PTFE film  of 0.003 inch thickness was supplied by 
Fluorocarbon Co Ltd of Caxton H i l l ,  Hertford, Herts.
The FEP film  of 0.002 inch thickness used in the study of 
the systems FEP/methane (60 - 150 *C), FEP/nitroethane 
(60 -  100 °C), FEP/dichloromethane (60 -  100 ®C) and FEP/ 
tetrachloroethylene (60 -  100 **0 was obtained from the same 
suppliers.
The FEP film  used for the remaining permeation measurements 
was of 0.002 inch thickness and was supplied by Klinger Ltd of 
Sidcup, Kent. Although the FEP film  samples were obtained from 
two d iffe re n t suppliers they were known to orig inate from the 
same manufacturer which was Du Pont Ltd.
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The dichloromethane used for the FEP and PTFE permeation 
measurements was grade AR supplied by Fisons. The n itro ­
ethane and tetrachloroethylene were general purpose reagents 
supplied by BDH. Gas mixtures of methane in nitrogen, 0.99% and 
2.05% were supplied by Air Products. The 12.5 ppm te tra ­
chloroethylene in nitrogen gas mixture used for ca lib ra tion  of 
the FID was supplied by Rank Hilger Special Products Group, 
Margate, Kent.
Low density PE film  was supplied by Imperial Chemical 
Industries Ltd, specified as being of 45 -  50pm thickness and 
B ritish  Cellophane Ltd, specified as being of 50pm thickness.
The FEP film  of 0.002 inch thickness used in the 
d iffe re n tia l scanning calorim etry, in frared  absorption spectro­
scopy and density determinations was supplied by Klinger Ltd of 
Sidcup, Kent.
Sorption isotherms were determined with 0.001 inch thickness 
FEP film  from the same suppliers.
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CHAPTER 3 RESULTS
Table 1 shows permeability and diffusion coeffic ien ts  for the 
permeation of nitroethane through PET film  of 12 pm thickness. 
Nitroethane was supplied to the upstream side of the permeation ce ll 
at a p a rtia l pressure of 4.5 ±0.05 to r r . The results apply to a 
single PET film  heated to 140 ®C before measurements were taken a t 
descending temperature in te rva ls . Since the Perkin-Elmer flame 
ionisation detector was housed in the same oven as the perm eability  
cell i t  was necessary to ca lib ra te  the detector at each measurement 
temperature. The p artia l pressure of permeant vapour was calculated  
assuming the gas saturator, which was thermostatted at 40 “C, produced 
a completely saturated vapour stream; saturator e ffic iency  determin­
ations were not made for these permeation measurements. Permeability 
coeffic ien ts  were calculated using equation 2.2 and diffusion  
coeffic ien ts  determined using equation 1.21.
Table 2 shows permeability and diffusion coeffic ien ts  for the 
permeation of dichloromethane through PET film  of 12 pm thickness. 
Dichloromethane was supplied to the upstream side of the permeation 
cell a t a p a rtia l pressure of 545 ±5 to r r . The results apply to a 
single PET film  heated to 130 “C before measurements were taken a t 
descending temperature in te rv a ls . The p artia l pressure of permeant 
vapour was calculated assuming the gas saturator, which was thermo­
statted  at 24.2 *C, produced a completely saturated vapour stream. 
Permeability and diffusion coeffic ients  were calculated as before.
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TABLE 1 T ra n s p o r t  o f  N itro e th a n e  Through PET







 ̂ IcB = 10-12 (STP) cm/(cm2 sec cm Hg)
TABLE 2 Transport of Dichloromethane Through PET








Uncertainties of 9% and 15% are estimated for the permeability 
and diffusion c o e ffic ie n ts , respectively. The main contribution  
towards the error in the permeability c o e ffic ien t measurements was 
undoubtedly made by uncertainties in the permeant vapour concentra­
tio n . Errors in the measurement of the gradient of the transient 
region of the permeation trace made the largest contribution towards 
uncertainties in the diffusion co e ffic ien ts . Since repeat measure­
ments were not made for these systems levels of precision could not be 
calculated. Table 3 shows permeability c o e ffic ien t measurements for 
the permeation of dichloromethane through a single PET film  using the 
electron capture detector. The measurements from 65 to 80 were 
recorded using a PET film  of 23 pm thickness whereas the measurements 
taken between 90 and 110 apply to a PET film  of 50 pm thickness. 
The dichloromethane was supplied to the upstream side of the permea­
b i l i t y  ce ll a t a p artia l pressure of 290 ±1 to rr . Measurements were 
taken at descending temperature in terva ls .
As with the FID measurements, the major source of error in the 
perm eability coeffic ien ts  was undoubtedly in the calculated value for 
the concentration of vapour in the permeant stream. An uncertainty of 
10% is estimated for the results given in Table 3. Permeability and 
diffusion coeffic ien ts  are shown in Table 4 for the transport of 
nitroethane through a 0.003 inch thickness PTFE film . The results  
were recorded using a PTFE film  that had been annealed for 24 hours at 
200 prior to measuring transport parameters. The permeant was 
supplied to the upstream side of the permeation ce ll a t a p artia l 
pressure of 24.5 ±0.5 to r r . A 100% saturator e ffic iency  was assumed 
when calculating the concentration of permeant vapour.
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TABLE 3 Permeability Coefficients for the Permeation of









TABLE 4 Transport of Nitroethane through PTFE










A permeant flow rate of 10 cm3 m in'i was used for these 
experimental runs. Later investigation into the e ffe c t of permeant 
flow rate on the gradient of the linear transient region of the trace, 
showed that increasing the flow rate of permeant produced a 
corresponding increase in the gradient. The gradient was found to  
increase to a lim itin g  value at 35 cm̂  m in 'i which was a factor of 1.4 
times greater than at a permeant flow rate of 10 cm̂  m in 'i. I t  is  
thought that th is  increase in gradient was produced by an increased 
sharpness of the boundary between permeant and flush gas passing 
through the downstream cell chamber. This e ffec t has been noted by 
Pasternak^® previously. Unfortunately the change in gradient was 
discovered a fte r  the PTFE/nitroethane runs had been completed, so the 
values for the diffusion coeffic ients in Table 4 have been corrected 
by a factor of 1.4 times the values calculated from the permeation 
trace. Permeability coeffic ients given in the same table are 
unaffected. A flow rate of 10 cm̂  m in 'i was used for the e a rlie r  PET 
measurements but much smaller diffusion rates ensured that the reduced 
sharpness of the boundary between flush and permeant streams had no 
e ffe c t on the gradient of the lin ear region.
Table 5 shows permeability and diffusion coeffic ien ts  for the 
permeation of dichloromethane through a PTFE film  of 0.003 inch 
thickness. The film  was annealed for 15 hours at 200 prior to 
measuring transport parameters. Permeant vapour was supplied at a 
p a rtia l pressure of 278 to r r . When calculating permeant concentra­
tions the saturator was assumed to produce a completely saturated 
vapour stream. Errors on these measurements are estimated to be the 
same as for the PET/permeant resu lts .
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TABLE 5 T ra n s p o r t o f  D ich lo ro m e th a n e  th ro u g h  PTFE






TABLE 6 Transport o f Methane through PTFE
Membrane 1 Membrane 2
T/°C P X 10~^/cB T/°C P X 10~^/cB
69.3 4.38 59.2 3.22
79.9 5.73 69.0 4.20
90.3 7.53 79.8 5.61
99.2 9.38 89.6 7.22
110.0 12.1 99.1 9.08
120.7 15.6 109.9 11.7
130.7 19.5 119.2 14.8
141.0 24.4 129.9 19.2
151.3 29.9 140.5 24.4
150.6 29.9
67
Table 6 shows permeability coeffic ien ts  for the permeation of 
methane through two separate PTFE film s of 0.003 inch thickness. The 
methane was supplied from a cylinder as a 0.99% mixture of methane in 
nitrogen. Both film s were annealed at 200 *C for 15 hours before 
taking measurements at descending temperature in te rv a ls . D iffusion  
coeffic ients were not calculated from the gradient of the linear  
region of the trace since the rapid attainment of steady-state  
permeation would have produced large errors in these values.
Table 7 shows permeability coeffic ien ts  for the permeation of 
methane through FEP film  of 0.002 inch thickness. The methane was 
supplied from a cylinder as a 0.99% mixture of methane in nitrogen.
The film  was annealed at 200 ®C for 15 hours before permeation runs 
were performed at descending then ascending temperature in terva ls .
Tables 8 and 9 show perm eability coeffic ien ts  for the permeation 
of methane through low density PE film  of 50 ym thickness supplied by 
B ritish  Cellophane Ltd. and 48 ym thickness supplied by Imperial 
Chemical Industries Ltd. The methane permeant was a mixture of 0.99% 
methane in nitrogen. The ascending temperature measurements were 
taken without annealing the film . Having completed the ascending 
temperature runs the film  was cooled and measurements were taken at 
descending temperature in terva ls .
In Tables 10 -  13 permeability and diffusion coeffic ien ts  are 
given for the permeation of tetrachloroethylene, nitroethane, d ich lo r­
omethane and methane through FEP film  of 0.002 inch thickness. For 
each polymer/permeant system investigated a d iffe re n t film  was used
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TABLE 7 T ra n s p o rt o f  Methane th ro u g h  FEP
T/°C P X 10^/cB T/*C P X lO^/cB
59.0 2.67 69.3 3.79
69.2 3.88 89.9 9.01
79.8 5.97 110.0 19.26
89.7 9.07 130.2 38.2






TABLE 8 Transport of Methane through Low Density PE 
Supplied by B ritish  Cellophane Ltd
Ascending Temperatures Descending Temperatures
T/°C P X lô f/cB  T/°C P X lo f/cB
49.4 10.9 49.8 14.8
54.3 14.4 54.8 18.6
59.4 18.7 59.4 22.2
64.0 23.3 64.6 28.8
69.4 30.9 80.3 55.4
80.2 51.8 90.7 83.1
90.7 83.1
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TABLE 9 Transport of Methane through Low Density PE 
Supplied by Imperial Chemical Industries Ltd
T/*C P X lôf/cB T/°C P X lO^/cB
47.9 10.3 49.2 13.0
54.8 15.3 54.0 17.0
58.8 19.0 59.2 23.4
64.7 25.0 63.9 29.5
69.4 31.2 69.2 36.4
74.8 41.1 74.2 44.1
79.6 51.7 79.5 52.6
85.5 67.0 90.1 81.1
90.1 81.1
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TABLE 10 T ra n s p o r t  o f  T e tra c h lo ro e th y le n e  th ro u g h  FEP































TABLE 12 T ra n s p o r t o f  D ich lo rom e tha ne  th ro u g h  FEP















TABLE 13 T ra n s p o r t  o f  Methane th ro u g h  FEP














for the low temperature permeation measurements between 20 “C and 
50 ®C. All the films used were annealed at 100 **C for 24 hours before 
measuring the transport parameters at descending temperature 
in terva ls . The methane was supplied from a cylinder as a mixture of 
2.05% methane in nitrogen. Tetrachloroethylene was supplied at a 
partia l pressure of 22 torr for the high temperature measurements 
(60 -  100 ®C) and 10 torr for the low temperature measurements 
(20 -  50 °C). Nitroethane was supplied at a partia l pressure of 
11 torr for the high temperature measurements and 10 torr for the low 
temperature measurements. Dichloromethane partia l pressures of 
264 torr and 255 torr were employed. Gas saturator effic iency  
determinations were performed at each of the temperatures used in the 
investigation of these systems. These effic iency measurements were 
included in the calculation of permeant partia l pressures.
Table 14 shows permeation rates of nitroethane through an FEP 
f i lm  thermostatted at 99.8 with increasing partia l pressure of 
permeant. The FEP film  of 0.002 inch thickness was annealed at 100 ”C 
for 24 hours before performing permeation runs at increasing partia l 
pressures of permeant.
The precision of permeability and diffusion coeffic ients were 
determined for measurements made using the dynamic system incorpora­
ting the Pye 104 FID. Since the temperature control of the 
permeability cell was d iffe ren t for the a ir  cabinet and water bath 
separate precision determinations were performed for these two set­
ups. The standard deviations given in Table 15 were determined for 
the FEP/nitroethane system but are also considered a good estimate for
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TABLE 14 Transport of Nitroethane through FEP at 99.8*C 
with an Increasing Partial Pressure of Permeant
n u x  X 10*/ H . lSTP)_._cm
cm
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the other permeant vapour systems. A series of six permeation runs 
were performed in both the a ir  cabinet and water bath with the 
recorder signal being l e f t  to return to the baseline between runs. A 
similar series of measurements was recorded using the 2.05% methane in 
nitrogen gas mixture. The standard deviations for these measurements 
are shown in Table
Tables 16, 17 and 18 show the uptake of dichloromethane by FEP 
film  of 0.001 inch thickness at 29.89 ®C in the as-received state, 
annealed at 100 **0 for 24 hours and annealed at 200 ”C for 24 hours, 
respectively.
The uptake of nitroethane by FEP film  of 0.001 inch thickness is 
shown in Table 19. The FEP was annealed at 100 “C for 24 hours prior 
to performing sorption measurements at 29.89 *C.
Table 20 shows the sorption of tetrachloroethylene by FEP fi lm  
at 29.89 **C. The polymer had been previously annealed at 100 **0 for 
24 hours.
The mean of three endotherm area measurements obtained using a 
Perkin-Elmer Model DSC-IB d if fe re n tia l  scanning calorimeter are 
reported in Table 21. Approximately 10 mg of FEP film  of 0.002 inch 
thickness was used for each scan.
Table 22 shows absorbance ratios for peaks in the FEP infrared  
absorption spectrum at 778 cm'i and 2367 cm'i. The results reported 
are the mean of three absorbance ratios for each of the FEP film  
samples in the as-received state, annealed at 100 *C for 24 hours and 
annealed at 200 ®C for 24 hours.
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TABLE 16 S o rp t io n  a t  30 *"C o f  D ich lo ro m e th a n e  by
FEP F ilm  in  th e  A s-R ece ived  S ta te
^Relative









^Relative pressure = pressure/saturated vapour pressure of
dichloromethane at 29.89 ®C
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TABLE 17 S o rp t io n  a t  30 *C o f  D ich lo ro m e th a n e  by
FEP F ilm  Annealed a t  100 °C fo r  24 Hours
Relati ve





























TABLE 19 S o rp t io n  a t  30 ” C o f  N itro e th a n e  by FEP
F ilm  Annealed a t  100 *C fo r  24 Hours
Pressure/torr
Relati ve 






TABLE 20 Sorption at 30 ”C of Tetrachloroethylene by FEP










TABLE 21 D iffe ren tia l Scanning Calorimeter Measurements
Standard Deviation
2 - 1  2 - 1  FEP Film Endotherm Area/cm g  /cm g________
As-received 1.43 0.208
Annealed at 100 "C 1.54 0.182
Annealed at 200 "C 1.89 0.025
(Three measurements made on each film )
TABLE 22 Infrared Absorption Measurements
FEP Film (778 cm"^/2367 cm Standard Deviation
As-received 0.795 0.066
Annealed at 100 “C 0.718 0.074
Annealed at 200 % 0.615 0.062
(Three measurements made on each film )
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FEP film  densities determined using the l iqu id  displacement 
method described in the Experimental Section are shown in Table 23.
The reported densities are the mean of the number of measurements 
indicated in the tab le .
Using the buoyancy method to determine densities gave values of 
2.259 g cm“3 for the as-received polymer, 2.431 g cm“3 for the polymer 
annealed at 100 "C and 2.437 g cm-i for the polymer annealed at 
200 ®C. Linear regression analysis was used to determine the gradient 
of the balance reading against a ir  pressure plot needed for the 
density calculations.
84
TABLE 23 Density Measurement by Liquid Displacement
FEP Film
g No Standard  ̂ i 
Density/g cm" Determinations Deviation/cm g"
As-received 2.169 5 0.018
Annealed at 100''C 2.158 4 0.018
Annealed at 200'’C 2.191 5 0.015
TABLE 24 Transport Parameters for the Permeation of
D ifferent Gases and Vapours Through PET
Permeant T/*C P/cB Ep/kJmol Source
Nitroethane 70 18.5 72.6 This work
Dichloromethane 70 16.1 72.7 " "
Hel i um 25 132 25.5 re f .  43
Oxygen 25 3.5 44.3 " "
Nitrogen 25 0.65 58.9 " "
Carbon dioxide 25 17 51.0 " "
Methane 25 0.32 61.4 " "
Methyl bromide 60 8.0 re f .  101
Benzene 40 257.9 re f. 100
Carbon tetrachloride 40 24.9 II II
Hexane 40 45.7 II II
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CHAPTER 4 DISCUSSION
4.1 Transport of Dichloromethane and Nitroethane Through PET Film  
A survey of the lite ra ture^  showed that PET might have the 
necessary permeability and so lu b il ity  characteristics required 
in the early stages of this project. These character­
is t ic s  were,
( i )  low oxygen permeability,
( i i )  high so lu b il ity  in organic n itro-compounds, 
and
( i i i )  low so lu b il ity  in organic chloro-compounds.
I t  was therefore decided to investigate the selective  
permeability of the semi-crystalline PET film  to organic n it ro -  
and chloro-compounds.
The f i r s t  polymer/permeant systems investigated using the 
dynamic technique were PET/dichloromethane and PET/nitroethane. 
Both these permeant streams were conveniently produced using the 
gas saturator described in the Experimental Section.
Fig. 11 shows Arrhenius plots of the diffusion coeffic ients  
for nitroethane and dichloromethane through PET. The diffusion  
coeffic ients were calculated using equation 1.21 given by 
Pasternak et al®®. In deriving this equation i t  is assumed that  
the diffusion coeffic ient is not a function of concentration, 
that the surface concentration is proportional to the pressure 
of the permeant and that swelling of the membrane is neglig ib le .  
Since the permeants used in this work were not simple gases i t  
is l ik e ly  that the diffusion coeffic ients were a function of 
concentration and that for measurements taken below the glass
Fig . 11 A R R H E N IU S  PLOTS OF DIFFUSION COEFFIOIENTS
FOR THE S Y S T E M S  PE T/D IO H LO R O M E TH A N E  AND
P E T /N ITR O E TH A N E
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tran s it ion  temperature, Tg, polymer relaxation effects  
produced an additional time dependence. The l ik e ly  dependence 
of the diffusion coefficients on concentration of permeant and 
time, l im i t  the accuracy of the values calculated using equation 
1.21 for the PET/permeant systems investigated.
A linear Arrhenius plot is seen in Fig. 11 for the diffusion  
of nitroethane through PET. The Arrhenius plot for dichloro­
methane is linear in the higher temperature region but measure­
ments made at the lower temperatures are greater than this  
linear re la tion  would suggest. I t  is l ik e ly  that the non- 
l in e a r i ty  of the plot in the lower temperature region is a 
resu lt  of a reduced activation energy for diffusion below Tg. 
Although c r y s ta l l in ity levels of the PET film  used in this work 
were not measured, annealing the polymer at 200 *C undoubtedly 
gave c r y s t a l l in ity levels in excess of 50% giving an expected 
Tg of about 80 *C.
Michaels et al^s on measuring diffusion coeffic ients for the 
permeants, helium, oxygen, argon, nitrogen, carbon dioxide and 
methane through crys ta ll ine  PET found a trans ition  region in the 
Arrhenius plot which began at about 80 ®C and extended to about 
95 *C. A linear relationship was apparent on e ither side of the 
tran s it ion  region with a reduced slope and therefore reduced 
activation energy for diffusion at the lower temperatures.
Fig. 11 shows that diffusion rates of dichloromethane 
through PET are greater than nitroethane over the temperature 
range covered in this work. This is expected considering the 
larger size of the nitroethane molecule and therefore the 
greater energy needed to move the molecule against the cohesive
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forces of the polymer. The van der Waals volumes for 
nitroethane and dichloromethane are given as 67.6 99 and 57.6
99 respectively.
Fig. 12 shows Arrhenius plots of the permeability 
coeffic ients for nitroethane and dichloromethane through 
crys ta ll ine  PET. Both plots show changes in gradient in the 
region of T g .  The transition region is located at about 86 
for nitroethane permeation and about 84 for dichloromethane 
permeation.
Another feature to notice in Fig. 12 is the higher 
permeation rates of nitroethane despite the higher diffusion  
coeffic ients of the smaller dichloromethane molecule. Since the 
permeability coeffic ient is a function of both the diffusion  
coeff ic ien t and the s o lu b il i ty ,  this indicates that the 
so lu b il ity  of nitroethane is greater than dichloromethane. This 
is consistent with the so lu b il ity  of a gas being related to i ts  
tendency to condense of which the boiling point, c r i t ic a l  
temperature and Lennard-Jones force constant are each measures. 
Table 24 gives a comparison of permeability coeffic ients  
obtained from the l i te ra tu re  for gases and vapours through semi- 
crysta ll ine  PET film  with values obtained for dichloromethane 
and nitroethane from this work. Also included, where available, 
are activation energies for permeation through the rubbery 
polymer.
PET was o r ig ina lly  chosen for investigation because i t  was 
believed the polymer would have greater permeability towards 
organic nitro-compounds than organic chloro-compounds. The 
ra tio  of nitroethane permeability to dichloromethane
Fig. 12 A R R H E N IU S  PLOTS OF P E R M E A B IL IT Y  OOEFFIOIENTS
FOR THE S Y S T E M S  P E T/D IO H LO R O M  ETHANE AND
P E T/N ITR O E TH A N E
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permeability at 70 **C is 17.5 cB/13.5 cB = 1.30. As explained 
previously the se lec tiv ity  shown towards nitroethane is a result  
of i ts  greater so lu b il ity  in the polymer which is in turn 
related to i ts  condensibility, this being greater for 
nitroethane. The so lu b il ity  levels are also related to the 
degree of interaction between the polymer and permeant. The 
re la tive  contributions to the so lu b il ity  made by this e ffec t  
cannot be determined from the results for the two permeants.
Since the flame ionization detector was working to i ts  
l im its  of sens it iv ity  for the PET/permeant systems investigated 
i t  was decided at this stage of the work to incorporate a more 
sensitive electron capture detector in the flow system. Fig. 13 
shows an Arrhenius plot of permeability coeffic ients for the 
system PET/dichloromethane obtained using the electron capture 
detector. A comparison with the results obtained using the 
flame ionization detector shows that they agree well above 
T g .
I t  was recognized during this work that the electron capture 
detector suffered from several disadvantages.
( i )  Leakage of low molecular weight species from the film  
reduced the standing current available for detecting 
permeant species, thus increasing measurement error.
( i i )  Since the detector responded to a drop in current, i f  too 
high a concentration of electron capturing vapour was 
present a ll the available standing current was used up 
and the detector became saturated. The need to
Fig. 13 A R R H E N IU S  PLOTS OF P E R M E A B IL IT Y  OOEFFIOIENTS
FOR THE SY STE M  P E T /D IC H L O R O M E T H A N E  USING







investigate more permeable films meant that saturation 
levels would have been obtained at re la t iv e ly  low 
temperatures.
( i i i )  The production of accurately known low concentrations of 
vapour was not easy and since d if fe re n t permeants would 
have had d iffe rent response factors and permeability 
levels , d iffe ren t calibration methods would have had to 
have been devised for other vapours.
For the above reasons work was not continued with the electron  
capture detector. The detection system used for the remaining 
measurements was a Pye 104 series single flame ionization  
detector.
At this stage of the project the permeability requirements 
of the polymer film  changed and the fluorocarbon polymers 
poly(tetrafluoroethylene) (PTFE) and po ly(tetrafluoroethylene-  
co-hexafluoropropylene) (FEP) were thought to be more suitable  
for investigation.
Fig. 14 shows an Arrhenius plot of permeability coeffic ients  
for the system PTFE/methane. The graph is linear over the 
temperature range investigated and there is f a i r ly  good 
agreement between measurements taken using two separate PTFE 
film s. The activation energy for permeation calculated from the 
mean of the slopes of the Arrhenius plots is 28.6 kJ m ol'i .
Also shown in Fig. 14 is an Arrhenius plot of permeability 
coeffic ients for the system FEP/methane. Having annealed the 
f i lm  at 200 ®C, measurements taken at both ascending and 
descending temperatures are seen to be in good agreement. The 
activation energy for permeation calculated from the Arrhenius 
plot is 42.7 kJ m ol'i .
Fig. 14 A R R H E N IU S  PLOTS OF P E R M E A B IL IT Y  COEFFIC IENTS
FOR THE S Y S T E M S  F E P /M E T H A N E  AND
P T F E /M E T H A N E
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Comparisons are shown in Table 25 between results obtained 
in th is work and by other workers for the two systems PTFE/ 
methane and FEP/methane. In this work the approach to steady- 
state permeation levels was too rapid to enable diffusion  
coeffic ients to be calculated from the slope of the transient  
region. From Table 25 i t  can be seen that activation energies 
for permeation show differences from l i te ra tu re  values. Small 
differences might be expected considering that gas transport 
behaviour is sensitive to the detailed nature of the polymer 
structure which varies from membrane to membrane. The 
differences shown, though, especially for PTFE are not small and 
for th is  reason i t  was decided to investigate the well 
characterised system low density polyethylene/methane and 
compare transport parameters obtained for this system with 
values from the l i te ra tu re .
I t  is clear from both this work and l i te ra tu re  values (see 
Table 25) that activation energies for the permeation and 
diffusion of methane are greater for FEP than PTFE. Since 
complete fluorination of polyolefins leads to considerable 
s tif fen in g  of the carbon backbone this is an unexpected result  
which Pastenak et al 10% explain by suggesting that diffusion  
progresses partly  through micropores in the PTFE. They maintain 
that this explanation is reasonable since PTFE of s u ff ic ie n tly  
high molecular weight to be usable v ir tu a l ly  does not flow in 
the melt above its  crysta ll ine  melting point of 327 “C because 
of i ts  high viscosity. Fabrication requires compacting PTFE 
powder under high pressure near room temperature and then 
sintering at temperatures around 380 ®C. The fina l product
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usually obtained by machining very l ik e ly  contains micropores.
Permeation and diffusion rates were also determined for the 
systems PTFE/nitroethane and PTFE/dichioromethane. Figs. 15 and 
16 show Arrhenius plots of permeability and diffusion  
coeffic ients for these systems. Arrhenius plots of the 
diffusion coeffic ients for both permeants are linear over the 
low temperature region but show curvature at higher 
temperatures. The curvature almost certa in ly  results from the 
rapid approach to steady-state permeation at the higher 
temperatures leading to errors in the diffusion coefficients  
calculated from the slope of the linear transient region.
Fig. 16 shows that the smaller dichloromethane molecule diffuses 
more rapidly than nitroethane over the temperature range covered 
in th is  work. Values given in Table 25 for the diffusion  
coeffic ients at 90 for nitroethane and dichloromethane are
4.3 X 10"® cm̂  s"^ and 5.0 x 10"® cm̂  s"^ respectively.
Arrhenius plots of the permeability coeffic ients are shown 
in Fig. 15. The plots for dichloromethane and nitroethane are 
both l in e a r .  Permeability coeffic ients for nitroethane per­
meation are larger than dichloromethane despite the greater 
d i f fu s iv i ty  of the smaller dichloromethane molecule. As 
explained previously when considering the permeability of PET 
th is  re flec ts  the greater s o lu b il i ty  of nitroethane which is 
related to i ts  condensibility.
Fig. 17 shows an Arrhenius plot of permeability coefficients  
for the system low density PE/methane over the temperature range 
50 -  80 ®C; the low density PE film  was supplied by British  
Cellophane Ltd. Measurements were taken f i r s t  at ascending
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temperatures with the film  then cooled and measurements taken at 
descending temperatures.
An Arrhenius plot is shown in Fig 18 for permeability 
coefficients measured for methane permeation through low density 
PE film  supplied by Imperial Chemical Industries Ltd. over the 
temperature range 48 -  90 *C. Measurements were taken f i r s t  at 
increasing temperatures then at decreasing temperatures. Both 
PE films show markedly d if fe re n t Arrhenius plot gradients for 
measurements taken at ascending and descending temperatures.
The activation energies for permeation calculated from the 
ascending temperature Arrhenius plots is 47.8 kJ mol-i for the 
film  supplied by BCL and 47.2 kJ mol'i for the film  supplied by 
IC I.  The activation energies for permeation calculated from the 
descending temperature Arrhenius plots is 41.3 kJ m ol'i for the 
BCL film  and 42.1 kJ m o l f o r  the ICI f i lm . Michaels et al^s 
found an activation energy for permeation of 47.2 kJ mol'i for 
the system low density PE/methane over the temperature range 5 -  
55 “C. Kanitz and Huangio^, and Tschamler and Rudorfer^°'+ have 
obtained values of 47.2 kJ mol“  ̂ and 48.1 kJ mol"^ respectively 
for measurements taken over a similar temperature range. These 
results are summarised in Table 26.
The activation energies for permeation measured at ascending 
temperatures show good agreement with values obtained in the 
l i te ra tu re  (see Table 26), whereas values obtained at descending 
temperatures are s ign if ican tly  lower. I t  might have been 
expected that taking permeability measurements at a temperature 
as high as 90 “C would have had an annealing e ffec t on the 
polymer increasing i ts  c r y s ta l l in ity . I f  a simple model of
Fig 18 A R R H E N IU S  PLOTS OF P E R M E A B IL IT Y
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TABLE 26 Activation Energies for the Permeation of 
Methane through Low Density PE
Source Ep/KJmol  ̂ Temp Range/*C
This work, 47.2 48-90
ICI PE
This work, 47.8 50-90
BCL PE
Ref. 35 47.2 5 -55
Ref. 103 47.2 15-50
Ref. 104 48.1
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impenetrable c ry s ta ll i te s  reducing diffusion rates and 
s o lu b il i t ie s  were considered th is  would have lead to reduced 
permeability coefficients on heating and then cooling the 
polymer. Since the reverse is true other changes in the 
morphology of the polymer must be taking place.
Michaels and Parker?? suggested that two impedance factors 
are operating to reduce the diffusion constants in 
semi c rysta l1i ne polyethylene below the values anticipated in the 
completely amorphous polymer. They proposed the expression:
D = Dq/tB where is the diffusion constant in completely 
amorphous polyethylene, and x is a geometric impedance factor 
accounting for the reduction in diffusion constant due to the 
necessity of molecules to bypass c ry s ta ll i te s  and move through 
amorphous regions of non-uniform cross-sectional area. 3 is a 
chain immobilization factor which takes into account the 
reduction in amorphous chain segment mobility due to the prox­
imity of c ry s ta l l i te s .  Michaels et al 35 found that annealing a 
sample of linear PE despite the attendant increase in 
c r y s ta l l in ity was accompanied by a marked reduction in x. The 
reduction was greatest for samples annealed at higher temp­
eratures (130 ®C) and cooled rapidly . They therefore concluded 
that any attempt to predict the gas permeability of PE on a 
basis of level of c r y s ta l l in ity alone, without regard to the 
prior history of the sample would lead to serious errors. 
Michaels et a l 35 found that permeability coeffic ients for 
helium, argon and ethane permeating through samples of linear 
polyethylene of d iffe ren t thermal histories obeyed the Arrhenius 
relationship over the temperature range 0 -  55 °C. I t  was also
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clear that the activation energy for permeation was v ir tu a l ly  
independent of thermal history. Differences were found though 
in actual permeability levels , with the rapidly cooled sample 
a fter annealing at 130 ®C exhibiting s ig n if ican tly  higher 
permeability to a ll gases than the slowly cooled polymer, 
despite the fact that the amorphous volume fraction of this  
form was about 25% less than the la t t e r .  This Michaelses 
concluded established that gas permeability of linear PE was not 
uniquely determined by levels of c rys ta l1 in i ty  but upon the path 
by which such c ry s ta l l in i ty  is developed.
I t  seems l ik e ly  that in this work the increased permeability 
levels and apparent decrease in activation energy of permeation, 
for measurements taken at descending temperatures, was produced 
by a progressive change in the nature of the crys ta ll ine  
fraction on cooling between measurement temperatures. Any 
reduction in permeability produced by an increase in crystal 1 -  
in i ty ,  due to the annealing e ffec t is therefore offset by 
changes in the nature of the c ry s ta l l in i ty .  This is probably 
shown by a reduction in the parameter x described by Michaels 
and Parker?? as being a geometric impedance factor.
The good agreement between activation energies for permea­
tion obtained at ascending temperatures with values from the 
l i te ra tu re  gave confidence in permeability measurements made 
using the dynamic system. Unfortunately comparison could not be 
made for diffusion rates and activation energies for diffusion  
since the approach to steady-state permeation was too rapid to 
give re liab le  values.
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4 .2  F u r th e r  In v e s t ig a t io n  o f  FEP F ilm
The helical tw ist of the C-C chain of PTFE results in a 
nearly perfect cylinder with an outer sheath of fluorine atoms, 
giving outstanding chemical resistance and weak intermolecular 
a ttraction . The high chain stiffness of PTFE is usually 
attributed to the high bond energy of the C-F bond and the 
mutual repulsion of f luorine  atoms, both factors which tend to 
res is t bending of the chain backbone.
Commercially available FEP has a low % of 
hexafluoropropylene (15 -  20 mol %) so that the polymer can be 
considered as PTFE with an occasional F atom replaced by a 
perfluoromethyl group (CF3) . I t  is thought that the OF3 groups 
enter the la t t ic e  as small, localized point defects and the 
regularity  of the la t t ic e  is preserved except in the 
intermediate area of the defectios-ios.
The original patent on novel perfluorocarbon polymers by Bro 
and Sandtios describes how the weight % of hexafluoropropylene 
may be obtained from the ra tio  of the I .R . absorption at 980 and 
2350 cm-i; weight % hexafluoropropylene = I .R . absorbance ra tio  
X 4 .5 . However, Akatsuka et al 110 investigated analytical 
methods for determining the composition of the copolymers by 
F -  NMR, Curie-point pyrolysis gas chromatography and infrared  
spectroscopy. Their NMR method showed that the coeffic ient of
the ra tio  is 3 rather than 4 .5 . The content of the OF3 in the
commercial FEP determined by NMR was 11.2 ±0.5 mol% ( i . e .  5.6
CF̂  groups per 100 main chain carbon atoms).
Having checked the v a l id ity  of permeability results using 
the PE/methane system i t  was decided to continue working with
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FEP f i lm . This polymer was thought to be more suitable than 
PTFE for further investigation since the la t te r  was known to 
contain micropores introduced during i ts  manufacture.
Fig. 19 shows an Arrhenius plot of permeability coeffic ients  
for the system FEP/tetrachloroethylene over the temperature 
range 20 -  100 ®C. I t  is clear that the graph is composed of 
two d is t in c t  linear regions with a change in gradient, estimated 
from the graph, at 75.8 ®C. This change in gradient and 
therefore reduction in Ep below about 76 ®C, is produced by a 
change in the nature of the polymer from a rubbery to a glassy 
state . The glass transition temperature is given in the 
l i te ra tu re  as about 80 Ep was determined above Tg
from the slope of the Arrhenius plot and found to be 40.6 kJ 
m o l'i .  Ep was determined below Tg from permeability 
measurements taken in the temperature range 20 -  50 (see 
Fig. 19) and found to be 29.8 kJ m o l'i .
An Arrhenius plot of diffusion coeffic ients is shown in 
Fig. 20. A change in gradient is seen at 77.2 indicating the 
change in the polymer from a rubbery to a glassy state . The 
change in gradient is less pronounced than was shown for the 
Arrhenius plot of permeability coeffic ients . Ej is calculated  
as 40.6 kJ m o l a b o v e  Tg. A value for Ej below Tg was 
calculated from diffusion coefficients measured between 20 and 
50 ®C. The Arrhenius plot of these measurements is shown in 
Fig. 24.
I l lu s tra te d  in Figs. 21 and 22 are plots of InP against 1/T 
and InD against 1/T respectively, for the system FEP/nitroethane 
over the temperature range 60 -  100 "C. As with tetrachloro-
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ethylene permeation two d is tinc t linear regions are seen in the 
permeability plot with a change in gradient estimated from the 
graph at 73.5 ®C. The activation energy for permeation above 
T g  calculated from the gradient of the graph in this region is
37.8 kJ m ol- i .  A value for Ep below Tg of 28.3 kJ m o l w a s  
calculated from permeability coeffic ients measured between 20 
and 50 “C. Arrhenius plots for permeability and diffusion  
coeffic ients  over this temperature range are shown in Figs. 23 
and 24. A plot of InD against 1/T showed no change in gradient 
at T g  and gave an activation energy for diffusion calculated  
from the gradient over the temperature range 60 -  100 *C of 57.5 
kJ m o l' i .
Figs. 2 5  and 2 6  show Arrhenius plots of permeability and 
diffusion coeffic ients respectively for the system FEP/ 
dichloromethane. The permeability plot shows a change in 
gradient at 7 6 . 7  *C which is less pronounced than similar plots  
for tetrachloroethylene and nitroethane. The activation energy 
for permeation above T g  is 3 5 . 7  kJ m ol-i. The value below 
T g  calculated from the gradient of the graph shown in Fig. 2 5  
over the temperature range 2 0  -  5 0  ®C is 2 9 . 6  kJ m o l'i .  The 
Arrhenius plot of diffusion coeffic ients is linear over the 
temperature range investigated and shows no change in gradient. 
E j  calculated from the gradient is 5 4 . 6  kJ m ol-i .  Diffusion  
measurements in the temperature range 2 0  -  5 0  *C gave an 
activation energy for diffusion of 5 5 . 3  kJ m o l' i .
4.3 E ffect of Tg on Activation Energies for Permeation and Diffusion  
in FEP
Arrhenius plots of the permeability coeffic ients obtained 
for the three permeants tetrachloroethylene, nitroethane and
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dichloromethane a ll show changes in gradient at T g .  The 
change in gradient is less pronounced for dichloromethane which 
showed a difference in activation energies above and below T g  
of 3.2 kJ mol'i compared with 8.5 kJ mol'i for nitroethane and
10.9 kJ m o l f o r  tetrachloroethylene. No change in gradient 
was observed in the Arrhenius plot for methane permeation over 
the temperature range 60 -  100 "C, shown in Fig. 27, although a 
lower Ep was found using the results obtained over the 
temperature range 20 -  50 ®C. These results are shown in Table 
27. Arrhenius plots of the diffusion coeffic ients only showed a 
change in gradient for tetrachloroethylene diffusion. An 
increase in activation energy for diffusion of 0.8 kJ m o l w a s  
observed for measurements above Tg.
Pasternak et al 102 have measured permeation and diffusion  
rates of several hydrocarbons and permeant gases through FEP 
over the temperature range 25 -  95 **C. Although in su ff ic ien t  
low temperature measurements were made to locate T g  both 
permeation and diffusion coeffic ients measured at 95 "C were 
seen to l i e  s ign ificantly  above the stra ight l in e  Arrhenius 
plot. The authors suspected a phase tran s it ion . Duncan et 
al 119 obtained linear Arrhenius plots of diffusion and 
permeability coefficients for methyl chloride and benzene 
permeation through FEP over the temperature range 47 -  150 **C.
No change in gradient was seen at T g  for either permeant. 
Considering the less pronounced change in gradient found in this  
work for the permeability plot of the smaller dichloromethane 
molecule, i t  is unlikely that a Tg e ffec t would be seen for 
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seen in this work for either dichloromethane or nitroethane 
diffusion no change in gradient would be expected in the 
Arrhenius plot of diffusion coeffic ients for methyl chloride 
transport. Duncan et a l i i *  once again found no Tg e ffec t for 
the larger benzene molecule in the Arrhenius plots of diffusion  
or permeability coeffic ients. Considering the van der Waals 
volumes of benzene, 80 2 nitroethane, 6? 6  and te t r a ­
chloroethylene, ^4 .0  a Tg e ffec t might have been expected 
in the Arrhenius plot of permeability coeffic ients for benzene 
permeation.
The change of gas permeability at T g  has been observed by 
Meares4i,42 with poly(vinyl acetate). However, the changes of 
slope of the Arrhenius plots at Tg were observed with some but 
not a ll  gases. The results of Stannett and Williams**^ with 
poly(ethyl methacrylate) showed no change in gradient of the 
Arrhenius plots for a ll gases studied. Kumins and Roteman^o 
also report no e ffect of T g  for a vinyl chloride-vinyl acetate 
copolymer except for the permeation of carbon dioxide. I t  has 
been suggested by several authors45,30^ii2 that whether or not a 
change in gradient is observed in the Arrhenius plots of 
permeability and diffusion coefficients depends on the re la tive  
sizes of the free volume elements in the polymer and the size of 
the penetrant molecule.
Yasuda and Hirotsu^G have analysed results from the 
l i te ra tu re  for many polymer/penetrant systems and suggest that  
the value of the diffusion coeffic ient at Tg can be used to 
predict whether a glass transition e ffect w il l  be seen. These 
authors further suggest that a change in gradient of the
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Arrhenius plot of gas permeabilities is seen only i f  the 
diffusion coeff ic ien t at T g  is smaller than 5 x 10“® cm̂  s” .̂
I f  T g  for FEP is taken as 78 the values obtained in this
work for the diffusion coefficients at 78 ®C are; dichloro­
methane, 6.5 X 10”® cm̂  s" i;  nitroethane, 3.7 x 10“® cm̂  s” ;̂ 
tetrachloroethylene 1.1 x 10“® cm̂  s" i. The values for te t r a ­
chloroethylene and nitroethane are c learly  lower than 
5 X 10“® cm2 s - i  and indeed pronounced changes in gradient of
the Arrhenius plots of permeabilities are seen at T g .  A
change in gradient is s t i l l  seen for dichloromethane at T g  
where D only is s lightly  higher than 5 x 10“® cm2 s“ i.  Although 
no change in gradient was apparent in the Arrhenius plot of 
permeability coefficients over the temperature range 60 -  100 
for methane transport, the gradient over this temperature range 
is larger than over the range 20 -  50 **C suggesting a glass 
tran s it io n  e ffe c t .  A value for the diffusion coeff ic ien t at 
78 *C of 3.14 X 10“7 cm2 g - i  can be calculated from Ej and
Dq values given by Yi-Yan et at^?. This value is well above
5 X 10“® cm2 s“i and therefore no glass transition e ffec t would 
have been expected. Since d iffe ren t ovens were used to anneal 
the FEP samples used for the high and low temperature ranges, i t  
is  possible that the d if fe ren t heating and cooling 
characteris tics  of the ovens produced differences in Ep values 
between the samples.
I f  T g  for P E T  is taken as 87.5 then the diffusion  
coeffic ien ts  obtained in this work for dichloromethane and 
nitroethane transport at 87.5 *C are 2.7 x 10“ i 2 cm2 g - i and 9.9  
X 10“i® cm̂  s“  ̂ respectively. A glass transition e ffec t would
104
therefore be expected and is c learly  seen in the Arrhenius p lot  
of permeability coefficients shown in Fig. 12.
4.4 Diffusion Parameters
I t  is well known that diffusion in high polymers is an
activated process and can be represented by the Arrhenius
equation 1.7.
To explain the diffusion process Barrer^ postulated that a 
diffusion 'jump' requires an activated region or 'zone' 
comprising the neighbourhood of the diffusing molecule. The 
size of the zone determines both Ej and the activation entropy 
a$4: or log Dq.
Diffusion data for the polymer/permeant systems FEP/ 
dichloromethane, FEP/nitroethane and FEP/tetrachloroethylene are 
l is te d  in Table 28. Also shown in the table are diffusion para­
meters obtained by Duncan et a l for  the transport of propane,
methyl chloride and benzene through FEP. Values given in Table 
28 for the diffusion coeffic ients of the permeants used in this  
work at 25 ®C and 90 *C c learly  show a decrease in diffusion  
rates with increasing molecular size. This is to be expected 
considering the larger zone of activation and therefore ac tiva ­
tion energy required for the permeant to move through the 
polymer structure.
Ej values obtained for the permeants used in this work are 
l is te d  in Table 28. As expected, considering the larger zone of 
activation for the larger molecules, Ej values above and below 
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tetrachloroethylene. A comparison with the Ej values given by 
Yi-Yan et al^? for propane, methyl chloride and benzene 
permeation show that the values for benzene and propane are 
larger than expected considering the van der Waals volumes of 
the permeants. This is probably explained by the annealing 
temperatures of 200 *C used by Yi-Yan et a l 27 rather than 100 *C 
used in this work. Increasing the annealing temperature can be 
expected to increase the crystal 1in ity  of the polymer and there­
fore the activation energy required for diffusion.
According to the model proposed by Brandt and A n y s a s 2 8  [ j  
has two components; one depends on the cohesive energy of the 
polymer and is proportional to the molecular diameter of the 
permeant, the other depends on the chain f l e x ib i l i t y  and is  
proportional to the square of the diameter. Michaels and 
Bixler®® estimate that for PE the contribution of the flexing  
energy to the activation energy is small and accordingly find a 
l inear relationship between the activation energies and the 
molecular diameters. In contrast, the cohesive energy of the PE 
is smaller than FEP, but the FEP chain is s t i f f e r .  Therefore, 
the energy associated with chain flexing should be s ign ificant  
in FEP and the activation energies of diffusion should increase 
more than l in e a r ly  with the molecular diameter of the permeants. 
Duncan et a l i i®  have found a linear relationship between Ej 
and the molecular diameter squared, as measured by the Lennard- 
Jones c o ll is io n  diameter of the penetrant. Fig. 28 shows a plot 
of Ej against the molecular diameter squared for the permeants 
used in th is  work and those used by Duncan et al^i®. Since the 
Lennard-Jones co ll is ion  diameters were not available for a ll  the
Fig. 28 PLOT OF ACTIVATIO N E N E R G IE S  FOR DIFFUSION  
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permeants used in this work the van der Waals volumes^^ were 
used to calculate the molecular diameters assuming the molecules 
to be spherical. The plot is apparently linear with the results  
obtained for the permeants used in this work correlating  
reasonably well with those obtained by Duncan et a l^ is .
As stated previously. Barrer2 has postulated that the size 
of the activated region or 'zone' involved in the diffusion  
process determines both Ej and the activation entropy or 
log Dq. Lawson^is s im ilarly  showed that several re la t iv e ly  
simple models of the diffusion process lead to a linear re la tion  
between the energy and entropy of activation. Fig. 29 shows a 
plot of log Dq against Ej for the permeants used in this  
work and those used by Duncan et a l^ is . The graph is linear  
with only benzene deviating s ign ificantly  from the straight  
l in e .  Possibly the planar configuration of the benzene molecule 
permits orientation -  specific diffusional jumps that reduce 
E(j| to a greater extent than log Dq.
4.5 S o lub ility  pc\c\:ors
Permeabilities and d if fu s iv it ie s  are known to follow 
Arrhenius relations over moderate temperature ranges^^. i t  
follows therefore that the solution of gases and vapours also 
follows an Arrhenius re la tio n , as shown in equation (1 .9 ) .
The s o lu b il ity  can be calculated from diffusion and
permeability data using the equations,
^0 ” ^o/^o 
and AHs = Ep -  Ej
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Table 29 shows so lub ility  ^cActors for the permeants used in 
this work. Also lis ted  in the table are so lu b il i ty  5actors  
obtained by Duncan et a l^is for propane, benzene and 
methylchloride. I t  is clear from Table 29 that the heat of 
solution becomes more negative with increasing boiling point of 
the permeant, T^. Since the heat of solution of a gas or 
vapour depends to a large extent on the ease of condensibility  
of that gas or vapour, of which T  ̂ and the Lennard-Jones force 
constant are measures, this reduction in the heat of solution 
with increasing T  ̂ is expected.
The s o lu b il it ie s  of gases in PE^s natural r u b b e r and 
PET43,6i have been found to be an exponential function of the 
Lennard-Jones force constant E/k or the boiling temperature 
Tb^is. Fig. 30 shows a plot of the logarithm of the 
s o lu b il ity  of the permeants at 90 *C against T^. Also 
included in the graph are results obtained by Yi-Yan et al?? and 
Duncan et al^is for the solution of benzene, propane, 
methylchloride, ethane and n-butane in FEP. Although the points 
show a wide scatter the graph is apparently linear with te t ra ­
chloroethylene, nitroethane and methylchloride deviating 
s ig n if ican tly  from the stra ight l in e .  Since the s o lu b il ity  is  
dependent on the heat of solution this quantity is apparently 
more negative than expected for tetrachloroethylene and less 
negative than expected for nitroethane and methylchloride. The 
heat of solution is i t s e l f  composed of the heat of condensation 
of which E/k and T  ̂ are a good measure, and the heat of 
mixing. The polar nature of the methylchloride and nitroethane 
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reducing the overall heat of solution and therefore the 
s o lu b il i ty .  The non-polar tetrachloroethylene molecule 
apparently shows a larger interaction with the polymer and 
therefore a less positive heat of mixing. This results in a 
higher so lu b il ity  than might be predicted from its  T^.
4.6 Permeability Parameters
Table 27 shows Ep values, pre-exponential factors and 
permeability coefficients at 25 ®C and 90 ®C for the transport 
of the permeants used in this work through FEP f i lm . Also 
l is te d  for comparison are the Arrhenius parameters obtained by 
Duncan et a l^is for methylchloride and benzene transport and
values obtained by Yi-Yan et al^Tand Pasternak et al^oz for
methane permeation. Since Ep is the sum of both Ej and 
AHg, and Pq is a linear function of Dq and S q there is 
no direct correlation between these parameters and molecular 
size. For the permeants used in this work, namely te t r a ­
chloroethylene, nitroethane, dichloromethane and methane 
permeability coefficients at 25 "C and 90 ®C increase with 
increasing molecular size. This shows that the greater 
so lu b il ity  of the larger permeant molecules more than 
compensates for the reduced diffusion levels .
Permeability coeffic ients for methane transport were 
measured for FEP film  annealed at 200 over the temp­
erature range 60 -  151 *C, and FEP film  annealed at 100 ®C over 
the temperature ranges 60 -  100 "C and 20 -  50 *C. Annealing at
200 ®C gave an Ep of 42.7 kJ m olcom pared  to 38.7 kJ
mol'i for FEP annealed at 100 *C. Both these series of 
measurements were taken above Tg and a s ig n if ican tly  increased
I l l
Ep is evident for the polymer annealed at the higher tempera­
ture. Permeability coefficients were found to decrease on 
annealing the polymer at the higher temperature. These changes 
in Ep and permeation levels are almost certa in ly  produced by 
an increased crysta ll ine  content resulting from an increased 
annealing temperature.
Pasternak et al 102 found an Ep of 34.7 kJ mol~^ for FEP 
f i lm  annealed at 95 ®C, whereas Yi-Yan et a l2? found an Ep of 
35.0 kJ mol-i for polymer annealed at 200 ®C. In this work 
permeability coefficients determined below Tg for film  
annealed at 100 *C gave an Ep of 34.5 kJ mol'i and therefore 
agrees well with the values determined by the other
a u t h o r s 2 7 , i 0 2 ,
4.7 Measurement of Crystal1 in ity
Because differences were found between the transport para­
meters determined for methane permeation through FEP film  
annealed at 100 *C and 200 attempts were made to measure 
changes in the crysta ll ine  content of the polymer using 
d if fe re n t ia l  scanning calorimetry (DSC), density determinations 
and in fra -red  absorption spectrometry.
DSC can be used to measure the weight % c r y s ta l l in ity of a 
polymer sample only i f  a sample of known crys ta ll ine  content is  
available . The crysta ll ine  fraction can be calculated using the 
equation.
Weight % c r y s ta l l in ity of a sample, a 
= c ^fendotherm area/g (sample a)1 
 ̂ [endotherm area/g (sample b ) ]
where Cj is the known weight % crystal 1 in i ty  of sample b.
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Table 21 shows endotherm areas determined for FEP film  
samples in the as-received state , annealed at 100 “C for 24 
hours, and annealed at 200 ®C for 24 hours. In order to 
calculate the crys ta ll ine  fraction of the annealed samples the 
crysta ll ine  fraction of FEP in the as-received state is 
required. This can be determined from a knowledge of the 
density of as-received FEP fi lm , and the density of 100 % 
amorphous polymer and 100 % c rys ta ll ine  polymer. The 
manufacturers give a typical density value for FEP of
2.15 g cm-3 at 25 ®C. Using values given by Reneker et al^^G 
for the amorphous density of 1.96 g cm”3 and the c rys ta ll ine  
density of 2.31 g cm-3 the weight % c r y s ta l l in ity of the as- 
received FEP film  can be determined from the equation,
Pp p -  p*
Cj = X -----------^ X 100 (4 .2)
P P c "  Pa
where, pa and pq are the amorphous and crystal densities 
p is the known density 
Cj is the weight % crystal 1 in i ty 
Substituting the values given above for p, pa and p̂  into 
equation 4.2 gives a weight % c r y s ta l l in ity of the polymer in 
the as-received state of 58.3 %. This value, and the endotherm 
areas l is te d  in Table 20 can then be substituted in equation 4.1 
to give a weight % c r y s ta l l in ity of 59.3 % for the FEP annealed 
at 100 ®C and 65.6 % for the polymer annealed at 200 °C.
These measurements c learly  indicate that the weight % 
c r y s ta l l in ity increases on increasing the annealing temperature 
from 100 ®C to 200 *C. They further support the idea that the
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increase in Ep for the permeation of methane through the 
polymer annealed at the higher temperature is due to an increase 
in the c r y s ta l l in ity .
Densities of the FEP film  samples were determined in this  
work using both a buoyancy method and liq u id  displacement. The 
buoyancy method, which is described in the experimental section, 
gave densities of 2.259 g cm-3 for the as-received polymer,
2.431 g cm-3 the polymer annealed at 100 ®C and 2.437 g cm-  ̂
for the polymer annealed at 200 *C. These values are higher 
than expected, with the densities determined for the two 
annealed samples being higher than the value given by Reneker et  
a liiG  of 2.31 g cm “ 3 for 100 % c rys ta ll in e  polymer. Since the 
technique involves measuring differences in buoyancy between a 
polymer sample and s ilver wire, in atmospheric a ir  at d if fe ren t  
pressures, the apparently high density values are probably due 
to the inevitable uptake of atmospheric gases by the polymer.
The densities of the two annealed samples are s im ilar , i . e .
2.431 g c m "3  for polymer annealed at 100 and 2.437 g c m "3  for 
the film  annealed at 200 “C. This suggests similar levels of 
crystal 1 in i ty .  Both the annealed sample densities are 
s ign if ican tly  higher than the value obtained for the as-received 
polymer of 2.259 g cm “ 3 .
The liqu id  displacement method for measuring densities of 
the FEP samples at 25 *C gave values of 2.169 g cm-3 for the as- 
received polymer, 2.158 g cm ” 3 for the sample annealed at 
100 “C and 2.191 g c m "3  for the sample annealed a t 200 *C.
Huang and Kanitzi03 give a value of 2.148 g cm -3  the density 
of FEP, and the data sheet supplied by the manufacturers gives a
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typical density value for the polymer of 2.15 g cm"3. Using
, 1 1 6
values for the amorphous density of 1.96 g cm"3 and the 
crysta ll ine  density of 2.31 g cm"3 as before using equation 
4.2 gives weight % crystal 1 in i t ies  of 60.6 for the as-received 
sample, 58.3 for the sample annealed at 100 and 77.8 for the 
sample annealed at 200 *C.
Although an increase in c r y s ta l l in ity is indicated on chang­
ing the annealing temperature from 100 *C to 200 **C, the as- 
received polymer is apparently more c rys ta ll ine  than the 100 *C 
annealed polymer. This does not agree with the results obtained 
using DSC and infra-red absorption spectroscopy. The discrep­
ancy probably arises because of the low precision of the density 
measurements.
In fra -red  absorption spectroscopy was used as a technique to 
detect changes in the volume % crysta l1 in ity  of the FEP on 
annealing. Absorbance ratios of the amorphous and reference 
bands at 778 cm“i and 2367 cm"i are l is te d  in Table 21. I f  i t  
is assumed that the density of as-received FEP is 2.15 g cm-3 
then the volume % crystal 1 in i ty can be calculated as 54.3% 
using the equation (1 .18).
This value for the volume % c r y s ta l l in i ty of the as-received 
sample can now be used to calculate the c rys ta ll ine  fraction of 
the annealed samples which is given by the expression,
1 -  [ ( 1  -  0.543) Absorbance ra tio  of annealed sample ]
0.795
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where 0.795 is the absorbance ra tio  of the as-received FEP and 
(1 -  0.543) is the amorphous fraction of the as-received FEP. 
Substituting the experimentally determined absorbance ratios in  
the above equation gives volume % crystal 1 in i t ies  of 58.7 % 
for the FEP annealed at 100 *C and 64.6 % for the film  annealed 
at 200 ®C, and weight % crystal 1 in i t ie s  of 62.6 and 68.3 
respectively.
The results obtained using the techniques of in fra-red  
absorption spectroscopy and DSC both indicate differences in the 
levels of c r y s ta l l in ity for the FEP annealed at 100 “C and 
200 *0. Further evidence is presented in the next section on 
sta tic  sorption measurements which also supports the idea of 
c r y s ta l l in ity levels increasing at the higher annealing 
temperature.
Although diffusion rates do not necessarily decrease with 
increasing levels of crystal 1 in i ty ,  i t  is l ik e ly  that lower 
levels of amorphous material and therefore a smaller fraction  
accessible to the diffusing molecules w ill  lead to lower 
diffusion rates and higher Ey values. This was observed for 
methane transport through the two samples of FEP with d if fe ren t  
amounts of c r y s ta l l in ity .
4.8 S tatic  Sorption Measurements
Sorption isotherms are shown in Fig. 31 for the uptake of 
dichloromethane by FEP in the as-received state, annealed at 
100 "C and annealed at 200 *C. The isotherm for the as-received 
polymer and the polymer annealed at 100 ®C are almost super imposaUe. 
showing a linear region up to a pressure of about 25 torr  
followed by a curved region up to about 70 torr with a linear  
region at higher pressures. The isotherm for the FEP
Fig.- 31 SORPTION ISO TH ER M S FOR THE UPTAKE OF 
DICHLO RO M ETHANE BY FEP FILM
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annealed at 200 shows the same three regions but with lower 
sorption levels . These non-linear isotherms are characteristic  
of a dual-mode type sorption where the uptake of gas or vapour 
can be explained by a combination of ordinary dissolution and 
Langmuir type adsorption in pre-existing microvoids. At high 
pressures the microvoids are saturated and linear Henry's Law 
sorption is followed.
I f  i t  is assumed that the gas or vapour only dissolves in 
the amorphous fraction of the polymer, then the Henry's Law 
constant calculated from the lin ear high pressure region can be 
used as a basis for estimating the c rys ta ll ine  fraction of the 
polymer. The Henry's Law constant for a polymer sample is given 
by akp where a is the amorphous fraction per unit weight of 
polymer and kg is the Henry's Law constant for 100 % amorphous 
polymer. The weight % c ry s ta l l in i ty  of as-received FEP has 
previously been calculated as 58.3 % using RenekersiiG values 
for the crysta ll ine  and amorphous densities and a density of
2.15 g cm"3 given by the manufacturer for the as-received 
polymer. A value for kp can now be calculated from the known 
amorphous fraction of the as-received polymer and the gradient 
of the linear region of the sorption isotherm, kp can be used 
together with the gradients of the Henry's Law region of the 
sorption isotherms obtained using the annealed polymers, to give 
weight % crystal 1 in i ties of 59.3 % for the FEP annealed at 
100 ®C and 66.6 % for the FEP annealed at 200 ®C. These results  
show a significant increase in c ry s ta l l in i ty  on annealing at the 
higher temperature and therefore agree with the DSC and in fra ­
red absorption measurements.
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Michaels, Vieth and B arrie^  ̂ working with PET provided the 
f i r s t  quantitative description of the so lu b il ity  of several 
gases in a glassy polymer. They found that non-linear isotherms 
could be explained in terms of a Langmuir part, and a Henry's 
Law part. The equation that f i t t e d  their data is given in 
section 1.8 of the Introduction (equation 1 .14). As explained 
e a r l ie r ,  the Henry's Law dissolution constant can be obtained 
from the slope of the high pressure region of the isotherm.
This can then be used to calculate the dissolved concentration, 
Cd, which in turn by subtraction from the total concentration 
gives the concentration in the microvoids, Cy. I f  the dual 
sorption equation applies to the system under investigation, a 
plot of p/Ch versus p is linear with a gradient of 1/ 0 '% and
I
an intercept of 1/  Cy b
Sacher and Susko^? found that Henry's Law plots for the 
sorption of water vapour by FEP did not intercept the origin and 
suspected a dual-mode process to be occurring. Fig. 32 shows 
plots of p/C% versus p for the sorption of dichloromethane by 
FEP in the as-received state, annealed at 100 ®C and annealed at 
200 ®C. Since the plots are not linear sorption cannot be 
explained by a simple dual-sorption model. Berens et al^^^,^^® 
found that whereas the dual sorption model explained sa t is fa c t­
o r i ly  the sorption of CÔ  by poly(vinylchloride) relaxation  
controlled swelling of the polymer was responsible for a sig­
n if ic an t portion of the total sorption of organic vapours.
Since in this work the equilibrium sorption of dichloromethane 
by the FEP film  took several hours, i t  is l ik e ly  that relaxation
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controlled swelling of the polymer made a contribution towards 
the total sorption of dichloromethane. This would explain why a 
plot of P/C'w against p is not linear indicating that the 
simple dual-sorption model does not apply.
Fig. 33 shows the uptake of tetrachloroethylene at 30 by 
FEP film  in the as-received state up to a re la tive  pressure of
0 .2 . The plot is linear and therefore not characteristic  of the 
downward curvature shown by the dual mode type sorption. Since 
the diffusion rate into the polymer of the larger tetrachloro­
ethylene molecule was slower than dichloromethane, equilibrium  
sorption took longer to be achieved probably resulting in a 
larger proportion of the total uptake being due to relaxation  
controlled swelling of the polymer. This would be expected to 
make the simple dual-sorption model less applicable.
Fig. 34 shows the uptake of nitroethane at 30 by FEP film  
annealed at 100 “C up to a re la t ive  pressure of 0.23. The iso ­
therm is linear showing no downward curvature characteristic  of 
dual-mode sorption. As with tetrachloroethylene sorption 
relaxation controlled swelling of the polymer probably conceals 
any adsorption in microvoids.
BerensSB has shown that the so lu b il ity  of several gases and 
organic vapours is lower in heat-treated PVC samples than in 
samples recovered from the melt without additional heating.
HeS8 also found that the hi story-dependence of gas or vapour 
so lu b il ity  was associated only with the "hole f i l l in g "  term of 
the dual-mode model, with the Henry's Law term remaining the 
same. This suggests that no increase in the impenetrable 
crysta ll ine  fraction is occurring on heat treatment. Since PVC
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is an almost completely amorphous polymer, this seems 
reasonable. In this work a reduction in the Henry's Law term 
for dichloromethane sorption in heated-treated FEP was explained 
by an increased level of c ry s ta l l in i ty  in the annealed polymer. 
Unfortunately i t  was not possible to calculate Langmuirian 
parameters due to the non-linearity  of the P/Ch versus p plot 
and therefore decide whether the overall reduction in so lu b il i ty  
was due in any measure to a change in the size or number of 
microvoids in the structure.
Duncan et al^is found that the permeabilities and 
d i f fu s iv i t ie s  of benzene and methylchloride through FEP fi lm  
were independent of the penetrant partia l pressure, and the 
permeation process was well described by a Henry's Law sorption- 
Fickian diffusion model. However, measurements of diffusion and 
permeability coefficients with varying partia l pressures were 
taken at 98 "C, and since the measurement temperature was above 
T g  for the polymer no dual-sorption effects would be expected.
4.9 Comparison of S o lub ilit ies  Derived Using the Dynamic and S tatic  
Techniques
Table 30 shows so lu b il ity  coeffic ients at 30 measured 
using the s ta tic  sorption technique and calculated from 
permeability and diffusion parameters. Considering the 
inevitab ly  large error in the so lu b il ity  coeffic ients calculated  
from permeability and diffusion parameters which are themselves 
subject to error, the so lu b il ity  coeffic ients obtained by the 
two methods are in reasonable agreement. I t  is interesting  
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are consistently higher than the s ta tic  sorption values.
Michaels et a l^ i used the time-lag and s ta tic  sorption 
techniques to measure the so lu b il ity  coeffic ients  for oxygen at 
25 “C and 35 ®C, nitrogen at 25 and 40 "C, and carbon dioxide 
at 70 ®C in crysta ll ine  PET. These measurements obtained using 
the two techniques were found to f a l l  on the same correlation  
l ine  whereas data points for carbon dioxide at 40 ®C obtained by 
the time-lag method fe l l  above the correlation l in e .  Michaels 
et a l61 explained this apparently greater s o lu b il i ty  by suggest­
ing that the time-lag experiment included the effects of "hole- 
f i l l in g "  which delayed the achievement of steady-state. The 
resulting apparent diffusion coe ff ic ien t is lower than the 
actual one giving a higher value for the s o lu b il i ty  coeff ic ien t.  
Since this e ffec t was only seen for the larger carbon dioxide 
molecule Michaels et a l^ i considered the diffusion medium to be 
homogcncovs for nitrogen and oxygen.
In this work diffusion coeffic ients were determined from the 
slope of the transient response which would c learly  be reduced 
i f  molecules were impeded due to microvoids being present in the 
structure. This would therefore reduce the measured diffusion  
coeffic ient which would in turn increase the apparent so lu b il ity  
coeff ic ien t. I t  seems l ik e ly  that this explains the larger 
s o lu b il i t ie s  derived from the dynamic measurements. I t  is  
interesting that better agreement is seen between the two 
s o lu b il i t ie s  obtained for the smaller dichloromethane molecule,
i . e .  0.00789 cm̂  (STP) cm‘ 3 t o r r ' i  and 0.00778 cm3 (STP) cm “ 3 
t o r r - i  compared with 0.0281 cm̂  (STP) cmr^ t o r r ”  ̂ and 
0.0241 cm3 (STP) cm-3 t o r r ' i  for nitroethane, and
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0.170 cm3 (STP) cm-3 t o r r - i  and 0.149 cm3 (STP) cm-3 t o r r - i  for  
tetrachloroethylene. This follows the same pattern as 
MichaelsGi results where the smaller nitrogen and oxygen 
molecules showed good correlation whereas differences were found 
for the larger carbon dioxide molecule.
Table 30 shows that the so lu b il ity  of tetrachloroethylene at 
30 *C is much higher than nitroethane despite the fact that 
th e ir  normal boiling points (T5 ) of 394.3 K for tetrachloro­
ethylene and 388.2 K for nitroethane are s im ilar. Dichloro­
methane has a Tb of 313.2 K and therefore as expected, 
considering that so lu b il ity  is a function of the condensibility  
of the vapour, shows a lower s o lu b il ity  than the other two 
permeants.
S t a r k w e a t h e r 120 has measured the uptake of organic liquids  
by FEP. This work showed that the permeants could readily be 
divided into two categories, those which contain hydrogen and 
those which do not. The sorption of the hydrogen-containing 
compounds was always low, with less than a 1% increase in weight 
shown in most cases, and did not depend on the s o lu b il ity  
parameter over a wide range. Compounds that did not contain 
hydrogen were found to be taken up much more readily with the 
weight gain being strongly dependent on the so lu b il ity  
parameter, 6, declining from the maximum amount near 6 = 6  
cal^ cmT^/z to less than 1% at 6 = 10 cal^ cm"^^^.
Other workersi2i,i22 have found anomalously low m is c ib i l i t ie s  of 
fluorocarbons and hydrocarbons.
The much larger s o lu b il ity  of tetrachloroethylene in FEP 
than the hydrogen containing nitroethane is in l in e  with the
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results found by S t a r k w e a t h e r S i n c e  the condensibilities of 
the vapours are similar the difference in s o lu b il i t ie s  must be 
accounted for by a greater interaction between FEP and te t ra ­
chloroethylene producing a more negative enthalpy of solution. 
Thus i t  would appear that FEP favours chloro-organic rather than 
nitro-organic molecules.
4.10 Future Work
In view of the differences found for the s o lu b il i t ie s  of 
nitroethane and tetrachloroethylene in FEP i t  would be in te re s t­
ing to examine the so lu b il ity  of other compounds of s imilar con­
densibil i t y .  Using molecules of varying hydrogen content and 
dipole moment might y ie ld  relationships between these factors 
and the s o lu b il i ty ,  this would then give an indication of the 
expected degree of interaction between a given permeant and 
FEP.
I t  was also interesting to notice the closer agreement 
between s o lu b il it ie s  determined for the smaller molecules using 
the s ta tic  and dynamic methods. Since measurements were only 
made for dichloromethane, nitroethane and tetrachloroethylene i t  
would be informative to study permeants with both a larger and 
smaller molecular size than the size range covered by the 
permeants used in this work.
Methylchloride and dichloromethane are both included in the 
graph of Ej against d̂  and are seen to fa l l  below the line  
drawn through a ll the permeants. I t  would be interesting to 
include measurements for trichloromethane and carbon te tra ­
chloride in this graph and determine whether this trend is
124
continued. Attempts to measure density of the FEP film  using 
l iqu id  displacement and buoyancy in a ir  techniques were not very 
successful. A better method might be to use a density gradient 
column, where a d irect comparison could be made between FEP 
sample densities and hence crystal 1 in i t ie s .
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CONCLUSIONS
( i )  Permeability coeffic ients and activation energies for permeation 
for the transport of methane through low density PE measured 
using the dynamic system agreed well with l i te ra tu re  values, 
provided measurements were made at ascending temperatures.
( i i )  Arrhenius plots of permeability coeffic ients for the systems 
PET/nitroethane and PET/dichloromethane were l inear both above 
and below T g  with a smaller gradient and hence activation  
energy for permeation in the lower temperature region.
Arrhenius plots of diffusion coeffic ients for the two systems 
were linear above T g  with deviations from l in e a r i ty  being 
found below T g .
Arrhenius plots of permeability coeffic ients for the 
transport of methane, dichloromethane, nitroethane and 
tetrachloroethylene through FEP were l inear both above and below 
T g  with the plots for dichloromethane, nitroethane and 
tetrachloroethylene showing a break point at T g .  Arrhenius 
plots of diffusion coeffic ients only showed a break point fo r  
tetrachloroethylene permeation. I t  is concluded from these 
results that the degree of change in Ep and Ej at T g  is 
associated with the size of the permeant molecule, the larger  
the molecule the greater the change in activation energies.
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( i i i )  For a given polymer film  Ej increased and diffusion rates 
decreased with increasing size of the permeant molecule. This 
is  expected considering the greater energy required to overcome 
cohesive forces in the polymer for the transport of larger  
permeant molecules through the f ilm .
( iv )  Levels of c ry s ta l l in i ty  in FEP film  increased on annealing. 
Higher levels of c r y s ta l l in i ty  were found for polymer annealed 
at 200 ®C than polymer annealed at 100 “C. Annealing at the
higher temperature also produced a higher Ep for methane
permeation.
(v) A comparison of s o lu b il i t ie s  for dichloromethane, nitroethane 
and tetrachloroethylene in FEP measured using a microbalance, 
and determined from the transport parameters showed reasonably 
good agreement. The s o lu b il it ie s  determined from the dynamic 
technique were consistently higher than those determined using 
the s ta tic  method. This e ffec t was attributed to microvoids 
present in the FEP film  reducing the apparent Ej and hence 
increasing the s o lu b il i t ie s  determined by the dynamic 
technique.
(v i )  A plot of Ej against the molecular diameter squared gave a
linear plot with the permeants used in this work correlating
reasonably well with those investigated by Duncan et a l i i s .
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